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Abstract

Interferometry at radio frequencies between Barth-based receivers separated by in-
tercontinental distances has made significant contributions to astrometry and geo-
physics during the past three decades. Analyses of suchvery long baseline inter-
ferometric (VIL.BI) experiments now perinit measurements of relative positions of
points on the Earth’s surface, and angles between celestial objects, at thelevels of
1 crn and 1 nanoradian, respectively. The relative angular positions of extragalac-
tic radio sources inferred from this technique presently form the best realization of
an inertial reference frame. Thisreview summarizes the current theoretical mod-
elsthat are needed to extract results from the VI.Blobservables at such levels of
accuracy. An unusually broad cross-section of physics contributes to the required
modeling. Both special and general relativity need to be considered in properly
formulating the geometric part of the propagation delay. While high-atitude atmo-
spheric charged particle (ionospheric) eftects are casily calibrated if measurements
arc performed employing at least two well separated frequencies, the contribution of
the neutral atmosphere a lower altitudes is more difficult to remove. Mismodeling
of the troposphere in fact remains the currently dominant error source. Numerous

small periodic and quasi-periodic tidal eflects also make important contributions




to space geodetic observables at the centimeter level, and some of these are just

beginning to be characterized. Another area of current rapid advances is the spec-
ification of the orientation of the Farth’s spin axis ininertial space (nutationand
precession). The order-of-magnitude improvement. of accuracy that was achieved
during the last decade provides essential inputto geophysical models of the Farth’s
internal structure. Most aspects of VI.Blmodeling arc also directly applicable to
interpretation of other space geodetic measurements, such as active and passive

ranging to Earth- orbiting satellites, interplanetary spacecraft, and the Moon.
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Symbols and Abbreviations

Ayj nut ation amplitudes in longitude
B baseline vector
Bi; nutation amplitudes in obliquity
BIT Bureau International de I'Heure
BIPM Bureau International des Poids et Mesures
BWS bandwidth synthesis
Chp Crustal Dynamics Project,
CFrl Connected Element Interferometry
Cl10 Conventional International Origin
Cy;j planetary nutation amplitudesin longitude [Fq. (2.1 36)]
Jej planetary nutation amplitudesin obliquity [l5q. (2.137)]
c speed of light
D obliquity of Moon from Sun
DSN Deep Space Network
1)ss Deep Space Station
I elevation angle
1 latitude argument of Moon
f Farth flattening factor
G universal gravitational constant
GPS Global Positioning System
GSKC Goddard Space Flight Center
g Farth surface gravitational acceleration
g angle for barycentric dynamictime [Kq. (2.34)]
%23 local tidal displacements (i = 2,3: quadrupole, octupole)
1 hour angle
he hour angle of mean equinox of date
4




h; vertical Lovenumber (2= 2,3: quadru pole, octupole)
a2 jonospherc or troposphere heightlimits

1AU International Astronomical Union

RS International Farth Rotation Service

IRIS International Radio Interferonetric Surveying

UGG International Union of Geodesy and Geophysics

JD Julian elate

JPL Jet Propulsion laboratory

k unit vector insignal propagation direction from source
| mean anomaly of Moorl

) mean anomay of Sun

{5 mean anomaly of Farth

l; mean anomaly of Jupiter

In mean anomay of Mars

ls mean anomaly of Saturn

ly meananomaly of Venus

l; horizontal Love number (i = 2,3: quadrupole, octupole)
MERIT Monitor Earth Rotation and Intercompare Techuiques
M1 Mapping Temperature Test

‘m speed of precession in right ascension

my mass of body p

Mo, first. moment of wet troposphere refractivity

N nutation transformation matrix

N’ lunar node argument

NASA National Aeronautics and Space Administration
NIOS National Earth Orientation Service

NIST National institute of Standards and Technology




NMI Niell (new) mapping function

NNR No Net Rotation

NOAA National Oceanic and Atmospheric Administration
NRA() National Radio Astronomy observatory

Nuvel new (tectonic) velocity miodel

n refractive index

n speed of precession in declination

P precession transformation matrix

P extended pressure anomaly

Po local pressure anomaly

Pa general precession

PLs lunisolar precession

[ 0% planetary precession

Q rotation matrix for terrestrial to celestial transformation
Ry Farth equatorial radius

R, SSB Farth center coordinates

R, position of perturbing source in terrestrial systemn
Ry distance from Farth to gravitating body G
Rarywet dry, wet troposphere mapping function

r unit vector inradial direction

o classical electron radius

rg station position interrestrial systemn

r. station positionin celestial system

rg phase shifted station position

T, position of gravitating body s

r, station positionin terrestrial system

I SSH position of station 1,2




Tdate station position of date

Tsp station radius fromnspin axis

S() slant range factor

S/X S-band + X-band

SGP Space Geodesy I'reject

SSB Solar System Barycenter

S planetary nutation amplitudes in longitude
Se; planetary nutation amplitudes in obliquity
ThB temps dynamique barycentrique

DT terrestrial dynamic time

TEMPO Time and FEarth Motion Precision Observations

1, galactic rotation period

1, time in centuries since J2000

1o reference time

1 time of arrival of wave front at station!

1 proper time of arrival of wave front at station 1
Ly time of arrival of wave front at station 2

le time of emission by source

1 light transit time

U UT1 transformation matrix

U gravitational potential

USNO U. S. Naval Observatory

U1 universal time 1

uTre universal timne coordinated

urerm universal time and polar motion

U, projections of Bonplane of sky

Vv transformation matrix fromlocal to I{kirtll-fixed fraine[liq. (2.66)]




VEN
VLBA

VLBI
v,
%

W
WVR

b%

Liy Uiy 24
2yl 7
T4y Yiy Zi
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ﬂl V2
TPPN
A
Aatm
Ay
Aocn
Ay
Apol
Asol
A

J.!y72

AG,

Vertical, Fast, North (local coordinates)

Very Long Bascline Array

Very Long Bascline Interferometry

astronomical argument of tidal constituent 2
atmospheric temperature lapse rate

transformation matrix from localto Iarth-fixed fraine [Kq. (2.65)]
Water Vapor Radiometer

polar motion transformation matrix, x component
cartesian coordinates of station ¢

cartesian coordinates of station: at reference time
cartesian velocities of station:

polar motion transformation matrix, y component
auxiliary angle for precession [lq. (2.149)]

Zhu, Mathews, Occans, Anelasticity (nutation model)
right ascension

cquation of equinoxes

velocity of station 1, 2

general relativity (Parametrized Post-Newtonian) gamma factor
total tidal shift in terrestrial coor dinate systein
atmospheric loading station position shift

ionosphere contribution to group delay

ocean loading station position shift

ionosphere contribution to phase delay

pole tide station position shift

solid tide station position shift

components of perturbation rotationmatrix

gravitational contribu'ion to coordinate time delay, body p




AGH

AU
AO
AO,
AOy
A

Hy

Vg

gravitational contribution to proper time delay, body p
Farth gravitational potential

gravitational deflection

tidal contribution to UTPM

companion tidal contribution to UTPM
nutationin (celestial) longitude

out of phase nutation inlongitude

free core nutationin longitude

nutationin obliquity

out of phase nutationin obliquity

frec core nutation in obliquity

source structure contribution to delay

source structure contribution to delay rate
declination

tidal displacement in local (VEN) coordinates
phase of component j of tidal constituent:
empirical correction to longitude

cmpirical correction to obliquity

curved wave front expansion quantities [ISgs. (2.7-2.8)]
mean obliquity

auxiliary angle for precession {liq. (2.148)]
auxiliary angle for precession[lq. (2.150)]
angular coordinates of Farthrotation axis
unit vector inlongitude direction

station longitude

G,

S-band V19.Blf{requency




vy X-band V9L.Bl{requency

v, clectron gyrofrequency

vy, electron plasma frequency

¢l amplitude of component 3 of tidal constituent i
I density

Py dry, wet zenith troposphere delay

Y SSB reference frame

N geocentric reference frame

7 geometric delay

Te delay due to clock imperfections
Tpd phase delay

Ter delay due to antenna subreflector motion
Tirop troposphere delay

a) unit vector in latitude direction

¢s geodetic station latitude

¢s struct ure phase

W phase shift of tidal eflect

9 longitude of ascending lunar node
Q perturbation transformation matrix
W rotational speed of Farth

wy free core nutation frequency

Wl angular velocity of tectonic plate j

1. INTRODUCTION

Astrometry and geodesy have undergone a revolution during the past three decades.

This revolution was initiated by the development of interferometry a radio frequen cies using
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antennas separated by thousands of kilometers inthe late 1 960s. Subsequently, the “Very
Long Bascline Interferometry” (VLBI) technique was refined to reach its present capability
of point positioning ou the Farth’s surface at the centimeter level, and angular positi oning
for extragalactic radio sources at the milliarcsccond (nanoradian) level. These refinements
arc expected to continue untilinsurmountable problems are reached, probably in the sub-
millimeter regime.  Geodetic measurements on the Farth’s surface have been enormously
expanded and densified by satellite techniques during the past five years, but VLBI remains
the prime technique for astrometry employing natural radio sources. It is uniquein its
ability to measure the Earth’s orientation inaninertial frame of reference.

An outlinc of the basic VLLBI experiment is sketched inFig. 1. T'wo antennas, separated
by a bascline B, are aimed at the same intragalactic radio source at the same time, and
detect the wave front arriving along unit vector k. The digitized signals arc recorded on
high-densit y magnetic (video) tapes for a period of several minutes, yiclding a total of ~10
gigabits of data. In routine obscrving sessions, this procedure is repeated several hundred
times, for numerous sources, over a 24 hour period. Note that the independent station
clocks must be well enough synchronized to permit simultancous integration when samphing
the incoming signal. Thesignal flux is onthe order of 1 Jansky (Jy =1072¢ W.m~%11z),
necessitating antennas with large collecting arcas, as well as highly sensitive and stable
detectors and frequency standards.  The observing schedule (station network, locations,
observation epochs,and local elevation angles of the selected sources) plays a crucial role in
determining the types and precision of parameters that can be extracted in subsequent data
analyses. Options becoine severely limited on baselines approaching an Farth diameter in
length, whenonly a small patch of sky is simultancously visible from both observing sit es.

Normally the tapes that were recorded at the observing stations arc later brought to-
gether at a special-purpose computer called a correlator. The function of the correlator isto
determine the difference in arrival times at the two stations by examining the recorded bit
streams and time tags. It generates the “observables” - time delay (B. lA(/c in the siimplest

mode]) andits rate of change, together with statistical estimates of their precision. During

~
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this process of correlation and post- correlation processing the amount of data is compressed
by afactor of 10, fromterabytesto Kilobytes. A variant of the experimental arrangement
that canbe used if the two antennas areinsufficiently close proximity is called connected
clement interferometry (CE1). The stations share frequency standards and data acquisition
systems, and the correlation is performedinrealtime. With the recent explosive advances
in communications, computing, and data storage technology, su€]] experiments may become
more frequent in the future..

The basic VILBI observable is thedifference inarrivaltimes of the wave front at antennas
scparated by intercontinental distances (baselines). To measure such vector baselines with
a precision on the order of 1cm, the time delays must be known to small fractions of a
nanosccond (1 cm = 33 picosecond light travel time.) Such accuracy was made possible
by advances in technology, such as devclopment of precise timing standards (1 part in
1014), and data recording techniques that permit data acquisition at rates in excess of 100
Incgabits/second. VI1.Blis a differential technique in the sense that the basic observable
is nearly completely disconnected from the orientation and shape of the Farth. Other
techniques must supply this connection externally. Such a link minimally consists of the
geocentric position of one of the VLBl observing stations at a given epoch. However, tile
observed timedeclay is relatively insensitive to the geocentric coordinates of this reference
station.

Analyses of the VI.Bl observables of necessity involve an uncommonly broad cross-section
of thesubfields of physics, ranging from considering tile effects of the Farth’s internal struc -
turc on its dynamics, to the tectonic plate motions and numerous terrestrial tidal cffects.
through quantification of turbulence intheatmosphere, to description of general relativistic
bending of tile paths of radio signals traveling from the distant sources. With the excep-
tion of gravimetric and oceanographic experiments, VLBI is perhaps the most demanding
technique for various aspects of global Earthinodels. It therefore provides results that are
uscd innuimcrous related fields. While extension of experiments to platforms in Earth orbit

and elsewhere inthe Solar system is in plauning stages (Burke, 1991 ), the present review
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is limited to Karth-based VLBI. A large fraction of the necessary modeling is common to

VI.BIand the newer satellite techniques. For these reasons, it is important to review the
complete details of current modeling of the VLBl observables. Following the principle that
the accuracy of a theoretical model should exceedthe accuracy of the experiments which it
interprets by at least an order of magnitude, the VLBI model should be complete at the 1
pslevel. This requirement is currently not satisfied for a number of parts of the model. As
experimental techniques arc refilled, possibly to improve the accuracy by another order of
magnitude, numerous aspects of the model will necedto be rc-examined.

Flach of the three basic aspects of a VI.Blincasurement (source, intervening medium,
and receiver) imposes limits to VI.Blresolution and accuracy that are of comparable mag-
nitude. T'wo such limits arc presently clue to incomplete modeling of the structures and
time-dependent behavior of both the radio sources and receiving antennas. They can both
amount to tenths of a milliarcsccond (1nas) (1 nrad) or several mm. I'or day-long Farth-
based measurements, the dominant limit is due to the transmission medium: commonly
used models of atmospheric propagation can be incomnplete at nearly the 1-cm level. in fact,
present troposphere modeling is probably less accurate than the VI.BI observables. Details
of the tidalmotions of the Karth’s surface have also not been fully characterized a the mm
level. Yor longer periods (on the order of 1 year),aperiodic time-dependent processes come
into play. At present, these arc also not a przor: well enough understood at the mm or nrad
level. Iimproved models of the ISarth’s tidalresponse and atmosphere, the physical processes
in quasars, and the mechanical response of large antenna structures, will be required to
realize the full potential accuracy of the VI.BI technique. It is hoped that this review will
provide a good foundation for such model extensions.

The first step in analysis of a V9LBlexperiment is the correlation of the random noise
bit streamns recorded by the receiving antennas looking at the same radio source, in order
to formthe two observables for each bascline. As indicated in Fig. 1, this is performed
by bringing together the magnetic tapesrecorded by the individual stations at a correla-

tor. Several such installations are presently operating in the U.S.A. (Haystack Observatory,
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JP1/Caltech, USNO, VLBA), Germany (Bonn), and Japan (Kashima). Post-correlation
software then gencrates the observables and their error estimates from the raw correlator
output ( 1.owe, 1992). Under routine conditions, the uncertaintics in the delay observables
produced by these correlators arc on the order of 10 picoscconds. Numerous aspects of
hardware, instrumentatio n, and software contribute to this limit (Rogers, 1991).

I applications of radio imterferometry to geodynamics and astrometry, the values of
group delay and phasc delay rate obtained from obscrvations of many different radio sources
arc processed by a multiparameter least-squam estimnation algorithm to extract the desired
mode.1 parameters. As the accuracy of theobservables improves, increasingly complete mod-
els for the delays and delay rates are being developed. Modeling is inextricably linked to
the software used for data analyses in these experiments. This report describes the current
status of these delay models, predominantly based on their implementationin the multi-
parameter estimation code “Masterfit/Modest”. Its foundation was laid by J. G. Williams
(1970a), who aso developed many of theoriginalalgorithins. Software development has
continued at the Jet }'repulsion Laboratory (J'], ) since the 1970s (Fanselow,1983; Sovers
and Jacobs, 1994). Independent code of similar scope and ancestry is the “Calc/Solve”
package (GSI'C, 1981) usedin the National Aeronautics and Space Administration (NASA)
CrustalDynamics and Space Geodesy Projects (CDP and SIG}'), National Occanic and At-
mospheric Administration (NOAA) International Radio Interferometric Surveying (I 1t1S),
and National Earth Orientation Service (N1XOS) analyses. Thisis an outgrowth of the orig-
inal algorithms of Hinteregger ¢t al. (1972) and Robertson (1 975), and has been evolving
at the Goddard Space Flight Center (GSFC). It has undergone numerous mutations over
the years, with the consequence that there now also exist at least three related, but not
identical, packages used for VI.BlanalysesinGermany (Campbell,1988), Japan (Kunimori
¢t a., 1 993), and Spain (Zarraoaet al., 1 W). More rccently, independent code has been
developedin Norway (Andersen, 1995), France (Gontier, 1992), and Ukraine (Yatskiv et al.,
1991 ). There have been limited comparisons between the various software packages (Sovers

and Ma, 1985; Gontier, 1992; Riusetal.,1992). Such comparisons have not ably resulted in
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a fundamental revision of the CALC relativity modeling algorithin (Ryan,1989).

The history of VLBI can betraced from the first interferometric observations by the
NRAO-Arecibo group (Bare et al.,1967) at 0.6 Gllz on a 220-km baseline, the MIT-NRAO
group (Moranet al., 1967; 1.7 Gllz, 845 kin), and the Canadian LBI group (Brotencet al.,
1967; 0.4 GHz, 3074 km). Early work in gcodesy, astrometry,and clock synchronization)
was done in 1969 (Hinteregger et al., 1972), yiclding accuracies in distances of 2--5 meters,
and in source posit ions on the order of 1 arcsecond. A few years later, Shapiro (1 976)
reviewed the analysis and information content of geodetic V1.Blexperiments. Some Ph.D.
dissertation of the period arc those of Whit ney (1974), Robertson (1975) and Ma (1978).
1,argc-scale international cooperation began in 1979 with the establishinent of the Crustal
Dynamics Project (CDP) by NASA (Boswor th, Coates, and Fischetti, 1993).

Some references which provide an introduction to the principles of very long baseline
interferometry are the book by Thompson, Moran, and Swenson (1 986), the aforeimentioned
review by Shapiro (1976), and two reports by Thomas (1 %S1, 1987). Additional background
material is provided by the recent review of geophysical VI.BI applications by Robertson
(1991), and in more detail and more recently,in the three-volume compilation thatsumma-
rims accomplishments of N'ASA’s Crustal Dynamics Project during the past decade (Smith
and Turcotte, 1993). Various periodic reviews, including the quadrennial IUGG geodesy
reports (Clark, 1979; Carter, 1 983; Ray, 1 991), IERS annual reports (Paris Obscrvatory,
1995a), and yearly reports on CDP results (Ma, Ryan and Caprette, 1992) are aso good
sources of detailed information concerning current VILBI techniques and results. Theln-
ternational Farth Rotation Service (11RS) periodically publishes a compilation of standard
models recommended for analyses of space geodetic data (11RS,1992, 1995 b). in large part,
the model description in the Present paperisinagrecment with the specifications of these
“11"RS Standards”.

The interferometric delay model is the sum of four major model components: geome-
try, clock, troposphere, and ionosphere. Sections 11 through V of this review present the

best current models of these components. The longest section (11) deals with the purely
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geometric portion of the delay and considers time definitions, tidal and source structure

cffects, coordinate frames, Farth oricitation (universal time and polar motion), nutation,
precession, larth orbital motion, wave front. curvature, gravitational bending,and antenna
ofl'sets. ScctionsIland 1V discuss the non-geometrical (clock and atiosphere) components
of the model. Section V describes the technique used to obtain the delay rate model from
the delay model. Section VI gives the current values of physical constants used in VI.BI
modeling, while Section VIiloutlines modelimprovements that we anticipate to be required
by more accurate data inthe future.

Themost convenient unmtsin geodetic. VI.Blarc millimeters, picosm.ends, and nanorad; -
ails. Thefirst two are connected by the speed of light == 299792458 m/s = 1 /3 ps, and
will be used interchangeably. Most commonly for the purposes of illustration, a10,000-kmn
baseline will be considered. A length change of 1 cin on such a baseline is equivalent to an
angular change of 1 nrad (1 part per billion, ppb); thus the second common cquivalence is

10 mm/nrad.

Il. GEOMETRIC DELAY

The geometric delay is the difference intime of arrival of a signal a two geometrically
separate points which would be measured by perfect instrumentation, perfectly synchronized,
if there were a perfect vacuum betweenthe observed extragalactlic or Solar-System source and
the |;arth-based instrumentation. For Farth-fixed basclines, this delay is limitedto the light
time of onc Farth radius (20 milliseconds) by non-transparency of the Iarth. It can change
rapidly (by as much as 3 yus per second) as the Farth rotates. While VLBI experiments are
occasionally carried out with more than ten participating stations, the correlator generates
observable delays aud their time rates of change independently for each bascline connecting
every pair of stations. Without loss of generality, the delay model can thus be developed
for a single bascline involving only two stations. Such a development will be presented here.

In generalthe geometric component is by far the largest component of the observed dclay.
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The main complexity of this portion of the model arises from the numerous coordinate
transformations that arc necessary to relate the reference frame used for locating the radio
sources to the Iarth-fixed reference frame in which the station locations are reprresented.

In the following we will usc theterm “celestial reference frame” to denote areference
frame in which there is no net proper motion of the extragalactic radio objects which are
ohserved by the interferometer. This is only an approximation to some truly “inertial” frame.
Currently, this celestial frame implics a Solar-System- barycentric, equatorial frame with
the equator and equinox of 2000 January 1.5 (J2000) as defined by the 1976 International
Astronomical Union (I AU) conventions, including the 1980 nutation series (Seidelmann,
1982; Kaplan, 1981). In this equatorial frame,some definition of the origin of right ascension
must be made. The right ascension is near] y arbitrary (neglecting higher-orcler Solar System
effects). It differs by a simple rotation from any other definition. The important point is that
consistent definitions must be used throughout the model development. The need for this
consistency mnay soon lead to a definition of the origin of right ascension via the planetary
ephemerides, with interferometric observations of both natural radio sources and spacecraft,
at planetary encounters connecting the planetary and the radio reference frames (Folkner
el al.,1994; Newhalle? al., 1986).

Unless otherwise stated, we will mean by “t crrest rial referen ce frame” some referen ce
frame ticed to the mean surface features of thelarth. The most common such frame is a
right-handed version of the Conventional International Origin(ClO) reference systein with
the pole defined by the 1903.0 pole, which we usc here. In practice, the tie is realized by
defining the position of one of the interferometric observing stations, and then determining
the positions of the other stations under this constraint. For example,inDeep Space Network
(DSN) experiments, the reference position is generally Deep Space Station (1)SS) 15 at the
Goldstone, California tracking complex. This constraint requires that the determinations of
Ilarth orientation agree on the average with the International Farth Rotation Service (IKRS)
(1995a) [and its predecessor, Burcaulnternationalde ’Heure (BIH) (1 983)] measurements

of the Earth’s orientati on over some substantial tit ne interval (& years). Such a procedure,
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or some functional equivalent, is necessary toticthe measurement to the Farth, since the

interferometer is sensitive only to the bascline vector. Withthe exception of minor tidal
and tropospheric ¢ flects, the VLB technique dots not have any preferred origin relative to
the structure of the Farth. The rotation of the Barth does, however, provide a preferred
direction inspace which canbe associated indirectly with its surface features.

In contrast, geodetic techniques whichiuvolve the uscof artificial satellites or the Moon
arc sensitive to the center of mass of the Farth as wc]] as its spin axis. ‘1'bus, such techniques
require only a definition of theoriginof longitude. lLaser ranging to the retroreflectors on
the Moon alows a realizable practical definition of a terrestrial frame, accurately positioned
relative to a celestial frame which is tied to the planctary ephemerides (Folkner et al.,
1994). Therequired collocation of thelaserand VI.BI stations is being provided by Global
Positioning Satellite (GPS) measurements of baselines between VLBI and laser sites starting
in the late 1980s (c.g., Ray et al., 1991 ). Carcful definitions and experiments of this sort
arc required to realize a coordinate system of centimeter ac.curs.cy.

Except for subcentimeter relativistic complications caused by the locally varying Karth
potential (as discussed below), constructionof the VIL.BImodel for the observed delay can

be summarized in 7 steps as:

1. Specify the proper locations of the two st ations as measured inan Farth-fixed
frame at the time that the wave front intersects station 1. lLet this time be the

proper time ¢} as mcasured by a clock inthe F;artll-fixed frame.

2. Modify the station locations for I~arth-fixed ecflects such as solid Farth titles,

tectonic motion, andother local station motion.

3. Transformthese proper station locations to a geocentric celestial coordinate sys-
tem with its origin at the center of the Farth, but moving with the Farth. This

is a composite of 12 separate rotations, represented by a rotation matrix Q(1).
4. Perform a lLorentiz transformation of these proper station locations from the
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geocentric- celestial frameto aframeatrest relative to the center of inass of the

Solar System,androtationally aligned with the celestial geocentric frame.

5.1n this Solar-System-barycentric (SSB) frame, compute the proper time dclay
for the passage of the specified wave front from station 1to station 2. Correct
for source structure. Add the effective change in proper delay caused by the

differential gravitational retardation of thesignalwithin the Solar system.

6. Perform a Lorentz transformation of this SSB geometric delay back to the celes-
tial geocentric frame moving with the Barth., This produces the adopted model

for the geometric portion of the obscrved delay.

7. To this geometric delay, acid the contributions clue to clock oflsets, to ropo-
spheric delays, and to the effects of theionosphereonthe signal (seeSectic 115111

and 1V).

As indicatedin step 5, the initial calculation of delay is carried out in a frame at rest
relative to the center of mass of the Solar System (SSBframne.) First, however, steps 1
through 4 arc carried out in order to relate proper locations inthe |;arth-fixed frame to
corrcsponding proper locations in the SSBfiame. Step 4 in this process transforms station
locations from the geocentric cclestial frame to the SSBframe. This step incorporates
sl)ccial-relativistic effects to all orders of the velocity ratio vic. In the presence of gravity,
this transformation can be viewed as a special relativistic transformation between proper
coordinate of two local frames (geocentric and SSB)in relative motion. For both frames,
the underlying gravitational potentialcanbetakenapproximately as the suln of locally
constant potentials caused by al masses in the Solar System. The complications caused by
small local variations in the Farth’s potential are discussed below. initial proper delay is
then computed (step 5) in the SS11 frame on the basis of these SSB station locations and
ana priort SSB source location. A siall ~)ro~xv-delay correction is then applied to account

for the differential gravitational retardationintroducedalong the two ray paths through the
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Solar Systemn, including retardation by the Farth’s gravity. A {inal Lorentz transformation
includi ng all orders of v/e then transforms the corrected SSB proper delay to a model for
the observed delay in the geocentric reference frame.

Since the Earth’s gravitational potential varies slightly across the Earth (AU /c? ~
3.5 x 10-10 from center to surface), the specification of proper distance is not as straightfor-
ward with respect to the Farth’s potential as it is with respect to the essentially constant
potentials of distant masses. To overcome this difficulty, VI.BI-derived stationlocations
arc now customarily specified in terms of the “T'DT spatial coordinates” that arc used in
|~arth-orbiter models. A proper length that corresponds to a modeled baseline can be ob-
tained through appropriate integrationof the local metric (Shahid-Saless et al., 1991), Such
proper lengths deviate slightly (< 3 mimn) froni baselines modeled on the basis of the TD'T
conventioninthe worst case (a full Farth diameter). In practice, such aconversion is not
necessary if baseline measurements obtained by different investigators arc reported interins
of T'D') spatial coordinatcs.

The current model has been compared (Thomas, 1991; Trevhaft, 1991) with the “1-
picosccond” relativistic model for VI.BIdclays developed by Shahid-Saless et al. (1 991).
When reduced to the same form, the model presented hiere is identical to that inodel at the
picosecond level, term by term, with one exception. Treuhaft and Thomas (1 991) show that
a correction is needed to the Shahid-Saless ef al. SSB system modeling of the atmospheric
delay. This correction changes the Shahid-Saless ¢f al. result by as much as 1 O picoseconds.
The remainder of this section provides the details for thefirst six steps of the general outline

above.

A. Time interval for the arrival of a wave front at two stations

The fundamental part of the geometric imnodel is the calculation (step 5 above) of the
timeinterval for the. passage of a wave front from station 1 to station 2. This calculation is

actually performed in a coordinate {rame atrest relative to the center of mass of the Solar
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System. This part of the model is presented first to provide a context for the subsequent
scctions, all of which arc heavily involved with the details of timedefinitions and coordinate
transformations. We will use the same subscript and superscript notation which is used in
Scction 1.} to refer to the station locations as secn by an observer at rest relative to the
center of mass of the Solar System.

I'irst, we calculate the proper time delay that would be observed if the wave front were
planar. This calculation is next generalized to a curved wave front, and finally we take into
account the incremental eflects which result fromthe wave front propagating through the

various gravitation] potential wells inthe Solar System.

1. Plane wave front

Consider the case of a plane wave movinginthe direction, k, with station 2 having a
mean velocity, 3,, as showninlig. 2. As mentioned above, distance and time are to be
represented as proper coordinates in the SSB frame. The speed of light ¢ is set equal to ]
inthe following formulation. The proper time delay is the time it takes the wave front to
move the distance 1 at speed c¢. This distance is the sum of the two solid lines perpendicular

to the wave front in Fig. 2:
Gty =k [ro(ta) - mi(t)] 4 k- Byt — 1] (2.1)

where the superscript * serves to emphasize that station 2 has moved since 14. The second
term represents the distance that station 2moves before receiving the signal at ¢3.This

leads to the following expression for the gecometric delay:

>~

g gy - Xoalt)on(t)] (22)

The baseline vector, 'ry(t;) -- ry(¢;), is computed on the basis of proper station locations

calculated according to Fq. (2.1 78) inScc.1l. 1.
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2. Curved wave front

Inthe case of asignal generated by a radio source withinthe Solar Systemit is necessary
to include the effect, of thecurvature of the wave front. As depicted inlig. 3, let a source
irradiate two Farth-fixed stations whose positions arc given by ry2(1) relative to the larth’s
center. The position of the Barth’s center, R (¢y), as a function of signal reception time, ¢y,
at station 1 is measured relative to the position of the emitter at the time, ., of emission
of the signal rcceived at time?i. While this calculation] is actually done in the Solar System
barycentric coordinate system, the developinent that follows is by no means restricted in
applicability to that frame.

Suppose that a wave front emitted by the source at time, reaches station 1lattimet;

and arrives at, station 2 at timnct}. The geometric delay in this frame will be given by:

T =1y — 1= [Ro(83)] - [Ra ()] (2.3)

where all distances are again measured in units of light travel time.If we approximate the

velocity of station 2 by

R.(3) - Ry(l \
3, - J%ZTTZ(“L) (2.4)
2 774

and use the relation (7=1,2)
:R,,(i]) = I{C(t]) -4 I',‘(ll) (25)

we obtlain:

7 = [Re(ty) + ra(ta) + By7] - |R(t1) + r1(t1)]

= Re(t1) [ |Re 4 €3] ~ R4 &4] ] (2.6)
where
_ To(th) 4 Bor
TS 27
and
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ST Tt

(2.8)

For €1 and e, <1074, only terms of order €3 need to be retained in expanding the expression
for7inlkq. (2,6), if the computer representation employs sixteen significant decimal digits.
This gives:

_Reln(ty) - n(n)) A7)

- AT (2.9
[1-R:3,] 2 [1- ReBy)

where to order &3

2 —~

A7) = [ &%= [(Roea) 4+ (Reer) 4 (Reey)’ = (Reer)ed — (Reer) + (Roey)e?]
(2.10)

The first term in Eq. (2.9) is just the plane wave approximation, i.c., as R.— cm, R, - k,
with the second term in brackets in kq. (2.1 O) approaching zero as 72/ R.. Given that the
ratio of the first term to the sccond terinis ~ R, wave front curvature is not calculable
using sixteen-decimal-digit arithmetic if # > 1016 x 7. For Farth-fixed baselines that are as
long as an Farth diameter, requiring that the effects of curvature beless than 1 psa 0.3
min implics that the above formulation [Kq. (2.10)] must be used for 2 < 3 x 10" ki, or
approximately 30 light years. At the same accuracy level, fourth and higher order termsine
become important for B <2 x 105 kin, or apprroximately inside the Moon’s orbit. Fukushima
(1994) has presented a formulation which should be applicable for Karth-based VI.BIwith
radio sources as close as the Moon.

The procedure for the solution of I5q.(2.9) is iterative for ¢ <10--4, using the following;:

RN (7,
R i) )
2[1 - R-8,)
where
70 = T;:Ian( wave (212)
Fore > 10-4, directly iterate onthe equation (2.6)itself, using the procedure:
o = RAR, 4 ea(rn1)] ~ R R, 4 ey (2.13)

where again 7o is the plane wave approximation.
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3. Gravitational delay

Because a light signal propagating ina gravitational potential isretarded relative toits
motion in field-free space, the compute d value for the differential time of arrival of the signals
at r1(11) and r2(13) must be corrected for gravitational effects. Gravitational potential effects
and curved wave front effects are calculated independently of each other since the former
are a small perturbation (& 8.5 microradians or < I.” 75), cven for Sun-grazing rays.

The relativistic light travel time was first derived by Tausner (1 966) and Holdridge
(1967), andincorporated into the JPL. orbit determination software by Moyer (1971). kor
the (exaggerated) geometry illustratedinkig. 4, the required correction to coordinate time

delay due to the pth gravitating body is given by Moyer as:

I+ N i [r 4s7m2(83) 4 rs2 rs 4 () +ra
Agy . T Dot | (1) 4 2]
o ¢’ i El‘srs 4 lt3) v T e+ () e (214)
where r; is defined as:
Tsi = iri(ii) - rs(ic)l (2]5)

Here 4,.,.,, is the v factor inthe paramectrized post-Newtonian gravitational theory (¢.g.,
Misner ¢t al., 1 973). YFor general relativity,v,.,, = 1, However, v, can be allowed
to be an estimated parameter to permit experimental tests of general relativity. Setting
Y.pn = - 1 gives the option of “turning off”the effects of general relativity on the estimate
of the dclay, which proves useful for software development. The gravitational constant, g,
18

= Gy, (2.16)

where &' is the universal gravitational constant, andin, is the mass Of body p. A higher-
order term (ox 41,%/c®) contributes to Ag, only for observations extremely close to the Sun’s
limb (1KKRS, 1992).

Depending on the particular source-receiver geometry in a VLB experiment, a numnber
of approximations arc possible for the correction Ag, of Yq. (2.14). Dropping the time

argutnients in Iiq. (2.14), we have:
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c Pod-ry A rer [ [PsH P2 P2
This formulation is appropriate for tile most genera] geometry,in which ry~r; & 7'si.
For the practical case of Itartl-based VI.BI with distant sources and closely spaced V1.13]
receivers, however, |rz - r|/ri-> O, 7i/7s-» 0. The gravitational time delay A, may then

be expanded in terms Of 73/7s, 7si/75. Making use of the relationship

e = [P — 205wy | 1'?]]/2 SR A (2.18)

leads Lo

T4 o My . ‘T
Agp = Lij;;} b')/il <In [ij rl—:-?] (2.19)

for r;/rs —» o.

If we further require that |ry — ry|/r; —» 0, and make yse of
ro = ry - Ar (220)
then:

- 1/2 - -
Ty 4 To - /I:s = Ty {l 4 2 ) Al‘/?’] -{ (AI‘/'I'])Q] 4 ryrs+ Ar - I's

%1‘1(] -4 f;-Ar/rl) 41T, 4 Ar- 1, (2.

S\l
|aN]
—
—

[ the limit of Ar/ry-» O:
ro(1 4 1o - F) —» (14 1y - F) + Ar - (T 4 T) (2.22)

substituting into Kq. (2.19) and expanding thelogarithm, we obtain:

(14 Yppp iy (r2 = ) (fh 4 1)
= AL e 2.23
AGP C3 7_](] + f‘] . Fs) ( )

Using whichever of these three formulations I5gs. (2.17, 2.19 or 2.23) is computationally
appropriate, the correction Ag, is calculated for cach of the major bodics in the Solay

System (Sun, planets, larth, and Moon).For sources observedinthe Galactic planenecar
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the Galactic center, the iinmense central mass (on tile order of 10" Sun masses) contributes
an additional delay. Assuming a mass concentration of 2/3 inthe nucleus and the current
est imate of our distance from the center, it can be estimated that the gravitational influence
of the Galactic center on electromagnetic signals exceeds that of the Sunby a facto: of =240.
Geometrically, this causes a bending of 4 arcscconds for ray paths within & 10° of the center
(for the closest routinely observed radio source). Because of the relatively slow motion of
the Solar Systemon galactic scales, however,its tiime variation is extremely slow, and it
merely produces a quasi-static distortion] of thesky.

Before the correction Aap can be applied Lo a proper delay computed according to kgq.
(2.2), it must be converted from a coordinate- delay correction to a proper-clelay correction
appropriatcto a near-1';artll frame. Ior such proper delays, the gravitational correction is

given (e.g., Hellings,1986) to good approximation by
IGp = AGP - (l -+ Yer N)U7 (224)

where 7 is the proper delay given by Fq. (2.2), and where U is the negative of the gravi -
tational potential of the givennass divided by ¢?, as observed in the vicinity of the Karth
(U 1s a positive quantity). The U7 term is a consequence of the relationshi p of coordinate
time to proper time, and the v,,., U terinis a conseque nce of the relationshi p of coordinate
distance to proper distance,

Thetotal gravitational correction used is:

L
a= 2. A, (2.25)

p=1
where the summation over p is over the h’ major bodies inthe Solar System. Ior the Earth,
the (L +4~,,., ) Ut term inliq. (2.24) is omitted if one wishes to workinthe “’1'1)']" spatial
coordinates” that are used in reductions of Iarth-orbiter data. The scale factor (14,5 )U
is approximately 1.97 X 10°for the Sun. A number of other conventions are possible. One
of these, which dots not omit the (1 47, .., )U7 term for the Farth, but evaluates it at the

Iiarth’s surface, yicldsan additional scale factor of 0.14 x 107° Ineither case, the model
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delay is decrcased relative to the Proper delay. Consequently, al inferred “measured” lengths
increasc by the same fraction relative to properlengths (i. e, by 19.7 parts per billion and
21.1ppbinthe two cases).

Some care must be taken in defining the positions given by rg, r2(13), and ry(11). The
origin has here been chosen as the position of the gravitational mass at the time of closest
approach of the reccived signal to that object. The positionrs of the source relative to this
origin is the position of that source at the time, ., of the cmission of the received signal.
Likewise, the position r;(1;) of theithreceiver is its position in this coordinate system at the
time of reception of the signal. ¥ven with this care inthe definition of the relative positions,
we are making an approximation and implicitly assuming that such an approximation is no
worse than the approximations used by Moyer (1971) to obtain Fq. (2.14).

Some considerations follow, regarding theuse of appropriate times to obtain the positions
of the emitter, the gravitational object, andthereceivers. For agrazing ray emitted by a
source at infinity, using the position of the gravitating body G at the time of reception of
the signal at station 1 (¢;)rather than at the time of closest approach of the signal to G'(¢.)
can cause a substantial error on baselines with dimensions of the Karth, as shown by the
following calculation. I'rom I'ig. 5, the distance of closest approach, £¢, changes during the

light transit time,1;,, of asignal from a gravitational object at a distance K¢ by:
AR Rpg -6ty = & I3 /c (2.26)

where & is the time rate of change of the angular position of (¢ as observed {rom Farth.

Since the deflection is:

N S e T I e
e [E] (2.27)
1t changes by an amount
A]{ d‘]{%}v(;
A0 - ”O{ I3 ] T [ cht ] (2.28)

during the light transit time.
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W c consider the two bodies of largest mass in the Solar System:the Sunand Jupiter. For
rays that just graze the surfaces, theirrespective deflections AG are 8470 and 79 nanoradians.
Iromn Solar system ephemerides, the barycentric angular velocities & are estimated to be
~ 0.05 and 17 nrad/s for the Sunand Jupiter. (The Sun’s motion in the barycentric frame
has approximately the orbital period of Jupiter,a12 years, with aradius on the order of the
Sun’s radius). Using approximate radii and distances from Farth to estimate Rpq and 0,
I°q. (2.2S) gives 30 nrad for Jupiter; the corresponding value for the Sun is only 0.05 nrad.
For a baseline whose length equals the radius of the Farth, 6( A®) Ry is thus approximately
0.03 and 20 cmifor the Sunand Jupiter, respectively. The effect is much smaller for the Sun
in spite of its much larger mass, duc to its extremely slow motion in the barycentric frame.

In view of the very rapid decrease of gravitational deflection with increasing distance of
closest approach, it is extremely improbable that arandomn VI.BIobservation will involve
rays passing close enough to a gravitating body for this correction to be of importance. lix-
ceptions are experiments that arc specifically designed to ineasure planetary gravitational
bending (e.g., Treuhaft and Lowe, 1991). Inorder to guard against such an uunlikely situa-
tioninroutine work, andto provide analysis capability for special experiments, it is prudent
to perform the transit-time correction for all plancts for all observations. To obtain the
positions of the gravitational objects, we employ an iterative procedure, using the positions
and velocities of the objects at signalreceptiontime. If R(¢,) is the posit ion of the gravita-
tional object at signal reception time,i,, then that object’s position, R(1,), at the time, f,,

of closest approach of the ray pathto the object, was:

R(t) = R(t,) - V[t, - 1] (2.29)

f, - ta = [Re|/c (2.30)

This correction is done iteratively, usingthe velocity, V({,), as an approximation of the

mean velocity, V.Because vic &~ 10 4 the iterative solution,

R.(ta) = R(L,) - [Rioa(ta)] V(I)/e (2.31)
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rapidly converges to the required accuracy.

B. Time information

Before continuing witl the descriptio n of the geometric model, some definitions jnust be
introduced concerning time-tag informationinthe experiments, and the time units which
will appear as arguments below. A general reference for time definitions is the Faplanatory
Supplement (Scidelmann et al., 1992). The epoch timing information in the data is taken
from the UTC (Universal Coordinated Time) time tags in the data stream at station 1,
U1'Cy. This time is converted to Terrestrial Dynamic Time (1')7') and is also used as an
argument to obtain au a prior: estimate of Earth orientation. The conversion consists of

the following components:

TD1 = (1'DT' = TAL')Y4 (TAI - UT'Cirs) + (UTCrprs — UTCsyp)

4 (UTCsyp -UTCy)4UTC, (2.32)

The four offscts iy Jig, (2.32) thus serve to convert {he station 1 Ume ags to 7°D7. In turn,

theirmeaning is the following:

1. 1'D1 - TAI is 32.184 scconds by definition; 7'Al (Temps Atomique Interna-

tional) is atomic time.

2. T'Al - UTCjiprsis the ofl’set between atomic and coordinated time, The Inter-
national Barth Rotation Service (Il R S), its p redecessor, Bureau International
dc I'Heure (11111), and Bureau International des Poids et Mesures (BIPM) arc
the coordinating bodies responsible for upkeep and publication of standard time
and Iarth rotation quantitics. 7'Al - UT'Cixrs is a published integer second
offset (leap seconds) for any epochafterlJanuary, 1972, Prior to that time, it
is @ more complicated function, which willnot be discussed here since normally

no observations previous to the nlid-1970s are nodcled.
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3.

UTCiurs - UT'Csrp is the offset in UTC between the coordinated time scales
maintained by the IKRS (1111 14) andsccondary standards maintained by nu-
merous national organizations. For VI.BIstationsinthe U.S. this sccondary
standard is that of the National Institute of Standards and Technology (N1ST)
in Boulder, Colorado. These offsets can be obtained from BIPM Circular T (¢.g.,

BIPM, 1990).

4.UTCsrp - UTCy is the (unknown) offset between UTC kept by station 1 and

A priort UT1--UTC and pole positions arc normally obtained by interpolation of the
11°RS Bulletin A smoothed values.
position could be used provided it is expressedin aleft-handed coordinate systein (see
Section I1.1.1). Part of the documentation for any particular set of results needs to include

a clear statement of what values of U1'1-- UT(C and pole position were used inthe data

the secondary national standard. This normally amounts to several us, but may
not be precisely known for each experiment. It is a source of modeling error: an
error Atinepochtime causes ancrror of ~ Buwy At= 7.3 x 1 0°cm per kim
bascline per pus of clock error, where wy, is the rotationrate of the Earth (Section
VI). For the extreme case of a 10,000 kin baseline, however, this amountsto only
0.7 mmper s clock offset; present-day clock synchronization is usually at least

an order of magnitude better, at the hundred-nanosecond level.

reduction process.

I'or the Farth model based on the TA1' conventions, the following definitions are employed

throughout (Kaplan, 1981):

1. Juliandate at epoch J2000 == 245 545.0.

2.

All time arguments denoted by 1" below are measured in Julian centuries o f
36525 days of the appropriate timerclative to the epoch J2000, i.e., 7' =
(J1) -- 2451545.0)/36525.
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3. For the time arguments used to obtain precession, nutation,or to refer to the
Solar system ephemeris, Barycentric Dynamic Time (7'D 1, Temps Dynamique
Barycentrique) is used. This is related to Terrestrial Dynamic Time (1'D7T,
Temps Dynamique Terrestre) by the following approximatios 1 which is adequate

for analyses of VI.B] observations:

TDB =TT 40.°001658 sin(g 4 0.0167 sin(g)) (2.33)

where

g = (357.0528-{ 3.5999.050 7') x 27 /360° (2.34)

is the mecan anomaly of theFarthin its orbit. A more accurate relation between
TDB and T DT is given by Moyer (1981). With atotal of 15 terms, it accounts

for the major gravitational effects of the planets.

In the future, 7’7 and 7' will be replaced by two new time scales, 7'CGand1'CE,
geocentric and barycentric coordinate time (Fukushima et al., 1986). These will eliminate

the necessity for therescaling of spatial coordinates that was discussed in Sectionll.A.3.

C. Station locations

Coordinates of the observing stations are cxpressed inthe Conventional International
Origin(C10O) 1903.0 reference system, with the reference point for each antenna defined asin
Section I1.G.The present accuracy level of space geodesy makes it iimperative to account for
various types of crustal motions. Among these deformations are solid Farth tides, tectonic
motions, and alterations of the Farth’s surface ducto local geological, hydrological, and
atimospheric processes. Mismodeled effects will manifest themselves as temporal changes of
the Farth-fixed baseline. It is therefore important to model al crustal motions as completely
as possible. The current level of mismodeling of these motionsis probably one of the leading

sources of systematic error (along with the troposphere) in analyses of VI.BI data
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Iivaluation of the time dependence of station locations is most simply done by estimating
anecw sct of coordinates inthe least-squares process for cach VLBl observing scssion. Post-
processing software thennakes linear fits to these results to infer the time rate of change of
the station location. Ior rigorous interpretation of the statistical significance of the results,
care must be taken that the correlations of coordinates estimated at different ep ochs are
accounted for properly. The advantage of this approach is that the contribution of each
session to the overal time rate iay be independently evaluated, sinceit is clearly isolated.
Also, nomodel information is imposed on the solution. An alternative second approach is
to modellong-period tectonic motion directly, and to introduce time rates of change of the
station coordinates as parameters. The model is linear, with the Cartesian coordinates of

station 7 at time{ expressed as

r; = .’1‘,? —+ H,(i - io) (235)
vi = y¢ -+ Gill - to) (2.36)
2; = 2? - 2,(1 -- io) (237)

Here 1y is areference epoch, at which the station coordinates are (29, y?, 29).

1. Tectonic plate motion

A's alternatives to estimating linecar time dependence of the station coordinates from
VI.Blexperiments, several standard inodels of tectonic plate motion are available. They all
describe the motion as arotation of a givenrigid plate (spherical cap) about its rotation pole
onthe surface of a spherical Karth. Time dependence of the Cartesian station coordinates

of station 7which resides on plate j is expressed as

i = ad A (W) 2] - wl (- o) (2.38)

yi =y 4 (W) 2 - wl 2)(L - o) (2.39)

zi= 204 (Wl g = w) ed)(t - o) (2.40)
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WI(I'Cw; ., arcthe angular velocities,

Although these models are based on palcomagnetic data spanning millions of years,
they have beenfound to provide a good quantitative characterization of present-day plate
motions, thus attesting to the smooth character of the latter. The first global tectonic
motionmodel is clue'to Minster and Jordan (1978), and was also the first to be used in
VLBI analyses. It is denoted AMO0-2 in the original paper. More recent models, denoted
Nuvelland NNR-Nuvell, are due to DeMets et al. (1990) and Argus and Gordon (1991),
respectively. In Nuvell, the Pacific plate is stationary, while N NR-Nuvell is based on
theimposition of a no-net-rotation (NNR)condition. Inadequate knowledge of the internal
mechanics of the Inarth makes uncertain any absolute determination of plate rotation relative
to the decp interior. Hence the NNR condition is customarily imposed: v x r integrated over
the Iarth’s surface is constrained to bezero (v is the velocity at point r on one of the rigidly
rotating tectonic. plates). With some notable exceptions, the Nuvellmodels give rates that
arc very close to those of the AM O-2 model. The A M0-2 India plate has been split into two:
Australia and India,and there are four additional plates: Juan de lFuca, Philippine, Rivera
and Scotia. A recent revision of the palcomagnetic time scale has led to a rescaling of the
Nuvellrates. These “‘Nuvell A“ and “NNR-Nuvell A“ model rates arc cqualto the Nuvell
and NNR-Nuvell rates, respectively, multiplied by a factor of 0.9562 (DeMets et al.,1994).

‘1'able 1 shows the angular velocities of the 16 tectonic plates in the NNR-Nuvell A model.

2. Tidal station motion

Crustal motions with periodicities ranging from hours to years are known as tidal effects.
Many of them produce station displaceinentsthat are far larger than those caused by tectonic
motions, and need to be included in modeling VLBI observables. The tidal displacements
can be classified into several categories, based on the origin of the tide generating forces.
In contemporary VLBI models, four such categories arc normally included. in the standard

terrestrial coordinate system, these tidal eflects modify the station location r. by anamount
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A=A sol A;ml -4 Aocn '{ Aatm (21]

where the four termsare ducto solid Yarth tides, pole tide, oceanloading, and atinosphere
loading, respectively. Other I';artll-fixed effects (e.g., glacial loading) canbeincorporated
by extending the definition of A to include additional terms. All four tidal effects arc most
casily calculated in some variant of a VEN (Vertical, IMast, North)local geocentric coordinate
system. To transformn them to the };artll-fixed coordinate frame, the transformation VW,

given in the next section, is applied.

a Solid Earth tides

Calculating the shifts of the positions of the observing stations caused by solid Farth tides
is rather complicated due to the solid tides' coupling with the ocean tides, and the effects of
local geology. Some of these complications are addressed below (e.g., oceanloading.) The
isolated simple model of Farth tides is the inultipole response model developed by Williamns
(1970b), who used Melchior (1966) as a reference. Let R, be the position of atide-producing
source in the geocentric reference system, and rg the station position in the saine coordinate
system. ‘1’0 alow for a phase shift (¢/) of the tidal effects from its nominal value of O, the
phase-shifted stationvector ry is calculated from r. by applying a matrix 1, describing a
right-handed rotation through an angle 1> about the 7 axis of date, r; = Lro. This lag
matrix, I, is:

costp  siny 0
L= 1-siny cosyp 0 (2.42)

0 0 1
A positive value of ¢ implies that the peak response on an Farthmeridian occurs at a time
Ot=1) /wy; after that ieridian plane containing r. crosses the tide-producing object, where
wy; 1S the angular rotation rate of the Farth. No departures froin a zero phase shift have
been detected: the peak response occurs when the meridian plane containing vy aso includes

R,.
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The idal potential at rg duc to the perturbing source at R, is expressed as

Y. N
7 (777:1,1,[ T

7 <]{ )21’.2((7()s ) - (}7; )3])3((‘08 0)}
P P P

Uy 4 Us (2.43)

l]tidal =

11

where only the quadrupole and octupole terms have been retained. Here, G is the gravita-
tional constant) m, is the mass of the perturbing source, % and /3 are Legendre polynomials,
and 0 is the angle betweenr, and R,,. While the quadrupole displacements arc on the order
of 50 cin, the mass and distance ratios of the Karth, Moon, and Sun limit the octupole
terms to a few mmm. An estimate of the retardation correction (employing the position of
the tide-producing mass a, atime earlier than that of the observation by anamount equal
to the ligl]t-travel time) snows that this coriection is well below 1 mm, and can therefore be
neglected.

In a loca geocentric VEN coordinate system on aspherical Farth, the tidal displacement

vector 8 is

"~ i i iy 1
6=1g", 68, ¢ (2.44)

1
where the ggi)(i: 2, 3) arc the quadrupolc and octupole displacements. The comnponents of

6 arc obtained from the tidal potential as

o = hilifg (2.45)
1. - LaU,

gé ) P lz' COS ¢ (‘a;\’*> /g (246)
,- au,

g3 = li(-aa)/g (2:47)

where hi(1= 2, 3) arc the vertical (quad rupole and octupole) Love numbers, ;(:= 2, 3)
the corresponding horizontal lLove nunbers, and Asand ¢, arc the station longitude and

latitude, and g the acceleration duec to gravity,
g= Gmy/r? (2.48)

Using the relation between terrestrial and celestial coordinates,
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cos O = sin ¢, sin &, + €08 ¢, €os b, cos(A;tag — ay ) (2.49)

with a,, 6, the right ascension and declination of the perturbing body, and ag the right
ascension of Greenwich, somne algebra producesthe following expressions for the quadrupole
and oct upole component s of §interms of t he coordinates of the station (ay, y,, z5)and the

tide-producing bodies (X, ¥}, 7,):

0@ (ha)q) :3711{?;‘}}2,_))2‘ 72121 (2.50)

687 = 1l0) X2 P 0 )oY, )57 @51

6P = (Lo/g) ‘3’,‘7'1"&“-1{,,)[%7?-&}?2)——~§”—-—~;<arsx,,+ysm] (2.52)
» P T+ y;

. (h3/g)L ; ]; (rs np)[ws ‘R, - 37‘31@2,} (2.53)

31,03 -
o = Uof) 3 I e, -, - o220, ) @250)
7

N e 02 —
(la/g) 2 2}7’—775—[5(1‘5 R,)?- 13{[\/.1-; VW2 Ay et (2, X, A ) ,)](2-55)
p {~= 5 ,12 _{, ys

where i, is the ratio of themass of he disturbing body, p, to the. mass of the Farth, and
=X, Yy, 7 p] (2.56)

is the vec or from the center of the Karth to that body. The summations are . ver tide-
producing bodies, of which only the Sunandthe Moon are normally included  Recent
work considers 10W-1CVCI planctary contributions (Hartmannand Soffel, 1994; 1 artmann
and Wenzel, 1 994; Williams, 1995), of which that of Venus appears to bethe nost imn-
portant. Mathews et a. (1 995) have recently re-examined the basic definitions underlying

the derivation of the tidal potential. They conclude that the most reasonable definition is
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one that uses the reference ellipsoid, and thus implics that the Love numbers have a slight
latitude dependence.

The above formulation implicitly assumes that the Love numbers #i and & are indepen-
dent of the frequency of the tide-gellcratjillg potential. Proper treatinent entails a harmonic
expansion of Iigs. (2.50)-(2.55) and use of a different set of h;, [; for cach frequency com-
ponent. Presently, only the six largest nearly diurnal components are allowed to have Love
numbers that differ from the standard values given in Sec. V]. Fach harmonic term is de-
noted by its historical (Darwin)name, if one exists, and the Doodson code (KRS, 1992)
(e.g., I{1 and Doodson nuimber = 165555)_T'he Doodson notation classifies the tidal comn-
ponents according to increasing speed. The correction to the Love number scaling the solid

tidal radial displacement for the kth harmonic teri at station s is given by
§h3t = 6hEII(\/5/247) 3 sin ¢ cos by sin(A, + Ok) (2.57)

where &15 is the difference between the nominal quadrupole (f2) Love number (0.609) and
the frequency dependent Love number (Waht, 1979), Hk is the amplitude of the kth harmonic
terminthe tide generating expansion from Cartwright and ldden (1973), ¢, is the geocentric
latitude of the thie station, Agisthe }ast longitude of the station and 6y is the kth harmonic

tide argument. The Love numbers and tidal amplitudesarclisted in ‘Jable II.

1'hese optional corrections yield (Naudet, 1994) additional purely vertical station dis-

placements (in mm) of:

1 (166554) gy =  0.37sin2d,sin(As 4 ag 4 ') (2.58)

(165565) gy == -—1.84sin2¢,sin(A; 4+ ag - ) (2.59)

Ky (165555) gy = — 12.68sin 2¢, sin(As 4 ag) (2.60)

(165545)  6g; =  0.24sin2¢,sin(X, + ag + Q) (2.61)

Py(163555)  6gy = 1.32sin2d,sin[A 4 ag — 2(Q 4 F - D)) (2.62)

Oy (145555)  6g; =  0.62sin 26, sin[A, + ag — 2(2 + 1)) (2.63)
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where ¢, Aq, ag are the station latitude and longitude and Greenwich RA, respectively.

The astronomical arguments ', 14, D Q (inecan anomaly of the Sun, mean argument of the
latitude of the Moon, mean clongation of the Moon from the Sun, and the mean longitude
of the ascending lunar node) are defined in Sec. 111, These displacements are then summed
and the total is used as the first order correction to each station’s vertical displacement.
Horizontal corrections arc presently ignored. Note that the largest correction, the Ky terin,
i s identical to that already recommended in 1985 by the MERIT standards (Melbourne
clal.,1983, 1985).

To convert the locally referenced displacement, 6, which is expressed in the local VEN
coordinate system, tothe Narth-fixed framne, two rotations must be performed. The first,
W, rotates byan angle, ¢, (station geodetic latitude), aboutthe y axis to anequatorial
system. The sccend, V, rotates about the resultant z axis by angle, — A, (station longitude),

to bring the displacements into the standard geocentric coordinate system. The result is

Ay : vW6 (2.64)
where
cosp, 0 - sing;
W = 0 1 0 (2.65)
sing, 0 COS ¢
and
cosA;  --sinA; 0
V= | sin A cos Ay 0 (2.66)
0 0 1
The product of these two matrices
cOos Ag COS ¢ Si Ay = oS A sin ¢,
VW = | sin A cos ¢ cos Ay — sin A sin ¢, (2.67)
sin ¢ 0 COSs
uses the geodetic latitudes
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¢s = tan’ 1{zs/[rs,,s(] ’ ]/f)2]} (2.68)

where [ isthegeoid flattening factor andry,, = (2,24 2,%)*/? is the station radius from the
Farth’s spin axis. The difference between geodetic and geocentric latitude can affect this

modclon the order of (tidal effect)/(flattening factor) ~ 1 mm.

b. Pole tide

Onc of the significant sccondary tidal effects is the displacement of astationby the elastic
response of the Karth’s crust to shifts in the spin axis orientation. The spin axis is known
to describe a circular path of & 20-m diamecter at the north pole with an irregular period
somewhat in excess of one year. Depending on where the spin axis pierces the crust at the
instant of a V6LBlmeasurement, the “pole tide” displacement will vary from time to time.
This eflect inust be included if centimeter accuracy is desired.

---- Yoder (1984) and Wahr (1985) derived an expression for the displacement of a point at
geodetic latitude ¢, longitude A, ducto the pole tide:

wi R

9

6= —

[sin @5 cos s(p, cos As 4 pysin ) b ¥
4 €08 2¢s(p, cos Ag 4 pysin Ag) | ¢

4 sin @s(- prsin Ag 4 pycos Ag) | Al (2.69)

Here wy; is the rotation rate of the Farth, /2 the radius of the (spherical) Farth, g the
acccleration clue to gravity at the Earth’ssurface, and hand ! the customary Love numbers.
Displacements of the instantaneous spin axis from the long-term average spin axis along the x
and y axes arc given by p,» and py. Fq.(2.69)shows how these map into station displacements
along the unit vectors in the radial (), latitude (¢), and longitude (X) directions. With the
standard values wy= 7.292 x 10's rad/scc, R = 6378 km,and ¢ = 980.665 cm/scc?, the
factor w?%k/g= 3.459 x 1073.Since the maximum values of p, and p, arc on the order of
10 meters,and hx 0.6, 1 ~0.08, the maximum displacement due to the pole tide is 1 to 2

cn, depending on the location of the station (s, As).

39




‘1 "he locally referenced displacement & is transforined via the suitably modified trans-

formation (V. (2.67)] to give the displaceient A,y in the standard geocentric coordinate

system.

¢. Ocean loading

This section is concerned with another of the sccondary tidal effects, namecly the elastic
response of the Farth’s crust to ocean tides, which moves the observing stations to the extent
of a few ci. Such effects are commonly caled “occanloading.” The currently standard
model of ocean loading is gencral enough to accominodate externally derived parameters
describing the tide phases and amplitudes at a number of {frequencies. The locally referenced
three-dimensional displacement 6 (components 6;) clue to occan loading is related to the
frequencies (wi), amplitudes (¢7), and phases (67).In a local Cartesian coordinate system

(usually with unit vectors inthe vertical, Ilast,and North directions) at time,

N o A
@::Z{f cos(w, t 4V, — 5,7) (2.70)
i1

The quantities w; (frequency of tidal constituent 7) and V; (astronomical argument of con-
stituent 7) depend only on the ephemeris in formation (positions of the Sunand Moon). The
algorithin of Goad (1R S, 1989) is usually used to calculate these two quantities. Onthe
other harid the amplitude ¢ and Greenwich phase lag é] of component j are determined
by the particular model assumed for the deformation of the Farth. The local displacement
vector is transformed via Fgs. (2.67) and(2.64) to the displacement A, in the standard
geocentric frame.

In present models, the local displacements and their phases, £ and &, are calculated
from an oc.call tidal loading model of choice at as many as 11 frequencies. T'he ¢l even
components arc denoted, in standard notation: N2, Sz, Ma, and N, (all with approximately
12-110111 periods), K1, Py, Oy, Q4 (24 h), M, (14 day), M,, (monthly), and Sy, (semiannual).

Three choices of oceanloading 11o clclshave been used over the years. They difler in

the displacements that are calculated andthe number of components that arc considered,
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as well as inthe numerical values that they yicld for the ¢ls and 67s. Scherneck’s results
(1 983, 1 991) arc the most complete in the sense of considering both vertical and horizontal
displacements and al eleven tidal components. They have now been adopted for the IRS
standards (1 992), and compose the default occan loading model.  Goad’s model (1983)
was adopted inthe MERIT and carly IER S standards (1989), but only considers vertical
displacements. Pagiatakis’ (1 982, 1 990) model, based on Pagiatakis, Langley, and Vanicek
(1982), considers only six tidal components (Sz, Mo, Noy Ky, Py, and Oy).

An cextension of the 1991 Scherneck mmodel (Scherneck, 1993) accounts for modulation
of the cleven tidal frequencies by multiples of N'; the lunar nodal period (1 8.6 years).On
the assumption that these additional terms yield oceanloading amplitudes which are in the
same ratio to cach main loading term as the companion tides are to the main tides, the
additional station displacements canbe written as

N . .

65 =33 kil cos[(wi 4 npwn )t 4 Vi 4 ngN' = &) (2.71)

i=1 k
where the k summation extends over al integer multiples nx; Of the lunar node N’, and 74
is the ratio of thetidal amplitude of cachcompanionk to the tidal amplitude of the parent
i. Of 26 such components listed by Cartwright and dden (]973), 20 are estimated to be
significant in contributing to the largest occan loading displacements a the 0.01 mm level.
Table 111 snows the multiples ki and amplitude ratios ki for these 20 components.

In pushing the limits of Iarthmodeling to belowlcm accuracy in the mid- 1990s, ocean
loading station displacements are one aspect of the modelsthat are undergoing close scrutiny.
Initial trials indicate that ocean loading amnplitudescanbe derived from V].Blexperiments at
anapproximate accuracy level of 1-2 mm (Severs, 1994 ). When estimating parameters, great
care must be used inorder to avoid singularities due to the identity of components of station
displacements (“‘confounding of paramcters™). Since some components of occanloading, solid
Farth tides, and ocean tidally induced UTPM variations have the same frequencies, certain

linear combinations of the station displacements that they cause are identical (sce Sections

11.C.2.a and 1112 .1.¢).
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3. Non-tidal station motion

Many other processes take place in the Farth’s atmosphere and in its crust that affect the
location of an observing station on time scales ranging {rom seconds to years, and distance
scales rauging from local to global. Present knowledge of such processes is sketchy, but both
theoretical and experimental research are st arting to provide useful results. | .ocal processes
include the cffects of ground water and snow cover redistribution, and magma chainber
activity involcanically active arcas. Ifects that have more widespread repercussions arc
atmospheric loading and post-glacial rebound. Incontrast to the tidal effects, whosetime
dependence is fixed by the precisely known motious of the bodies of the Solar systemn, the
non-tidal processes do not have well-k~low’li, periodic time dependencies. The two “global”
effects, atmospheric loading and post-glacial rebound, arc discussed briefly inthe next two

sections.

a. A tmosphere loading

By analogy with the ocean tides that were considered in the previous section, a time-
varying atinospheric pressure distribution can also induce crustal deformation. Rabbel and
Schuh (1986) first estimated the effects of atinospheric loading on V1.BI bascline determi-
nations, and concluded that they may amount to many milli mmeters of scasonal variation]].
[ contrast to ocean tidal effects, analysis of the situation in the atinospheric case does not
benefit from the presence of a well-understood periodic driving force.. Otherwise, estima-
tion of atmospheric loading via Green’s function techniques is analogous to methods used
to calculate occanloading effects. Rabbel aud Schuh recommend a simplified form of the
dependence of the vertical crust displacement 011 pressure distribation. It involves only the
instantancous pressure at the site inquestion, andan average pressure over a circular region
C of radius /= 2000 kinsurrounding thesite. The expression for the vertical displacement

(i) is:
Ar=-0.35py - 0.55p (2.72)
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where py is the local pressure anornaly (relative to the standard pressure of 1013.25 mbar),
and p is the pressure anomaly within the 2000 -km circular region mentioned above (both
quantities arc in mbar). Note that the reference point for this displacement is the site
location at standard (sea level) pressure. The locally referenced Ar is transformed to the
standard geocentric coordinate system via the transformation of ¥q. (2.67).

Such arudimentary model is recently being used as anoptional part of the VI.Blmodel.
A mechanism for characteriz ing the pressure anomaly expresses the two-dimensional surface

pressure distribution (relative to 1013.25 mbar)surrounding asite as a quadratic polynomial

pla,y) = po 4 Are -t Ay Asa® 4 Agey A A5y2 (2.73)

where z and y are the local Fast and North distances of the point in question from the VLB

site. The pressurc anomaly p may then be evaluated by the simple integration

p = //(1 dz dy p(x,y) 11~ dedy (2.74)

giving
prpo + (A4 As)I?/4 (2.75)
It remains the task of the data analyst to perform a quadratic fit to any available area weather
data to determine the coeflicients A,_. Yutuie advances inunderstanding the atmosphere-

crust elastic interactioncan probably beacconmodated by adjusting the coeflicients in liq.

(2.72). As an initial step along these lines, a station-dependent factor f is introduced to

scale the second cocflicient in Eq. (2.72):
Ar=--0.35p, - 0.55(1 + f)p (2.76)

This may account- {or differing geographical features surrounding different sites. i particu-
lar, f may depend on the fraction of ocean within the 2000 kin radius. Soine recent analyses
have produced empirical estimates of atmosphere loading coefficients for a number of sites
(Manabe ¢t al., 1991; van Damn and Herring, 1994; MacMillan and Gipson, 1994; van Damn
ct a., 1994).1t is not yet clear whether thesite variation of these coeflicients is {ree from

other systematic errors.
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b. Post-gla cial reboun d

Thick glacial ice sheets covering Scandinavia, Greenland, and Canada melted ~10,000
years ago. The removal of their considerable weight pressing on the Farth ’s crust is believed
to result in relaxation (“rebound”) that continues at present (Tushingham and Peltier, 1991 ).
The magnitude of this motionis estimated to be as large as several min /yr, predominantly
in the vertical dircction, at sites inand near the locations of ancient glaciers. Current the-
ory of deglaciation effects is not yet sufliciently developed to produce unambiguous results.
The parameters describing deglaciation history, as well as the rheological prop crties of the
Isarth’s mantle, are not accurately known. Nevertheless, it appears that reasonable param-
cter choices yield some agreement with empirical measurements of baselines in the affected

areas (Mitrovica et al., 1993; Pecltier, 1995).

Insummary, models have been presented that describe the four major time-dependent
station motions (solid, pole, and occan tides, and atmospheric loading). FEach of the locally
referenced displacement vectors is then transformed to the. standard geocentric coordinate

systemn via rotations like lq. (2.64). After this transformation, the final station location is

ry = To 4 A+ Apol 4 Ao 4 Ag ’ (277)

D. Source structure

By analogy with the time dependence of station coordinates caused by tectonic and tidal
motion, possible non-stationarity of radio source coordinates must also be considered. ‘Jo a
large extent, sue}] effects can be eliminatedby judicious choice of objects inplanning VI, BI
experiments. With the exception of special purpose experiments [such as those of Lestrade
et al. (1995) on radio stars], the sources are well outside our Galaxy, ensuring minimal
proper motion. Numerous astrophysical studies during the past two decades have shown
that compact extragalactic radio sources exhibit structure on a milliarcsecond scale (e.g.,

Kellermann and Pauliny-Toth, 1981 ). Sue]] studies are important for developing models of
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the origin of radio emission of these objects. Many radio source structures arc found to
be quite variable with frequency andtimme (ZensusandPearson, 1 987; Tayloret a., 1994a,
1994b; Polatidis el al., 1995; Thakkar ¢t al., 1995). Survey maps of 187 radio sources in
the Taylor ¢t al.1994a reference showed that only 8 sources had structure on a scale not
exceeding 1 mas at an observing frequency of 5 GHz. If extragalactic sources areto serve
as reference points in a reference frame that is stable at alevel of 1mas or below, it is
important to correct for the effects of their structures inastrometric VLBI observations.
Corrections for the effects of source internal structures arc based on work by Thomas
(1980), Ulvestad (1988), and Charlot (1989, 1990a). A varying non-point-like distribution
of the intensity of a source yields timedependent corrections to the group delay and delay

rate obscrvables, A7, ancl A7, that inay be written in terms of the intensity distribution

I(s,w,t) as
Aty = 95D, Ay = 94 /O (2.78)
with
G = arctan(— 7o/ 7e) (2.79)
and
Zgy = //dﬂ 1(s,w,z){:;}(2m “s/A) (2.80)

Here ¢, is the correction to the phase of theincomingsignal, s is a vector fromthe adopted
reference point to a point within the source intensity distribution in the plane of the sky, w
and ) are the observing frequency and wavelength, B the baseline vector, and the integration
is over solid angles €. Source intensity dist 1ibution maps are most conveniently parametrized
interms of one of two models: superpositions of delta functions or Gaussians. At a given
frequency, the corresponding intensity distributions arc written as

1) = S Sub(z wu, y - Uk (2.81)
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or

Sk

I(s) = >Z: Smarh exp{»—[(a‘ - ap)cos O 4 (y - yi)sin0i]?/2a,°

- (- ap)sinOp 4 (y- yi)cos Ok]Q/Ql;kQ] (2.82)

where Sy is the flux of component k, and sk (with components ay, yx in the plane Of the
sky) is itsposition relative to thereference point. For Gaussian distributions, 0y is the angle
between themajor axis of component kK and the w axis (to be defined below), and (ay, by)
arc the full widths at half maximuin of the (snajor, minor) axes of compon ent & normalized

by 24/2log 2. The quantitics Z;«y entering the structure phase ¢, [Eq. (2.79)] are

. s, (SINY
gy = }Z, Sk{cos}(Zﬂ'B - sk/A) (283)
for delta functions, and

sin

Zisy =3 Swexpl-2x*(}UE -+ b’f_vf)]{cog}(zm -sk/A) (2.84)
- 05
for Gaussians. lere
Ur = ucos O -+ vsin 0 (2.83)
Vi = —usinf; 4 vcos by (2.806)

with u, v being the projections of the baseline vector B 011 the plane of the sky in the it-W,
N-S directions, respectively.

Maps may be specified in terms of an arbitrary nuiber of either Gaussian or delta
function components. At most, six parameters must be specified for each commponent: its
polar coordinates and flux, and, for a Gaussian, its major and minor axes and the position
angle of theinajor axis. The structural correction for phase is computed via Iigs. (2.79),
(2.83), and (2.84). For the bandwidth synthesis (BWS) delay observable, the structure
correction is the slope of a straight line fit ted to the individual structure phases calculated

for each frequency channel used during t he observation. For example, for Mark 111 data there
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arc typically 8 channels spanning ~8.2 to 8.6 Gz at X band, and 6 channels spanning ~2.2
to 2.3 GHzat S band. Declay rate structure corrections arc calculated by differencing the
structure phases at the two times used to form the theoretical rate observable (see Section
V). Inthe case of dual-band (S-X) experiments, a linear combination of the structure
corrections calculated independently for cach band is applied to the dual-band observables.

The practical question to be resolved is whether such structural corrections based on
maps yield significant and detectable corrections to the observable at the present levels
of experitnental and modeling uncertainty. Maps are available for only a fraction of the
many hundreds of sources currently observed by VI.B1. S0t ne of the extended sources show
time variability on ascale of months;since the corrections Aryand A7gare quite sensitive
to fine details of the strut.turc, insuch cases new mapsmay be required on short time
scales. Depending on the relative orientation of the source and VI.BI baseline, the delay
correction can be as large as ~Ins, which is equivalent to tens of cin. Nevertheless, the
prognosis appears to be good. Charlot (1990b) found that data from a multiple baseline
geodynaimics experiment arc adeguate to map source structures with high angular resolution.
More recently Charlot (1994) has also g gwyi that use of maps for the structure of the source
3C 273 improves the fit in analyses of geodetic experiments.

Fompirical evaluation of the effects of unknown source strut.turcon VELBImecasurements
could be made via the time rates of change of the source right ascension  and declination

4, based on a linear model of the motion of source coordinates

a = ag - a(t = tp) (2.87)

§ = by -t 6(1 -1o) (2.88)

Non-zcro estimates of the rate parameterséaandé could arise either from genuine proper
motion or from motion of the effective source centroid sampled by VLB IlicasLIrell1( [its.
Unambiguous interpretation of such results is problematic, but llon-zero rates can be used

as a. crude diagnostic for the presence of structure effects. Apparent source position rates
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have seen reported by Ma and Shafler (1991) and Jacobs ¢t al. (1993). Significant rates are
not believed to represent true proper motion, but rather to be the conscquence of a change
in the interference pattern caused by ejection of components from the central object.

The JPL VLBI code also provides the option of modeling source structure as a superpo-
sition of two é functions centered at points 7y (@1, y1) and Pa(a2, y2) respectively, as in Kq.
(2.81) above. The parameters deseribing the two components are: 1) flux ratio K =.52/51,
where Sy is the flux of the kth component, 2) component separation s = |s| = l];;m’;I, and
3) positionangle O. The position angle is O = 0° when I 7;; is in the direction of increas-
ing declination é, and O = 90° when 1 7’; isin the direction of increasing right ascension

&. From Charlot (1990} ~), the group delay has the following dependence on the structural

paramcters:

2rK (1 - K) Ml - cos(2mRR)] 2.89)
w (L + ]“T “ K24 2K cos(27r]{)TJ] (2.

where
R=1B s/\ (2.90)

Tor evaluating partial derivatives of 7 that arc nceded for parameter estimation, the compo-
nent separation s and bascline B are inost conveniently written in terms of their components

inthe cclestial system, as

s=dassind 4 bs cos (2.91)
= au A bobu A (2.92)

Then IR becomes
R=s(usind 4 v cost) /A (2.93)

E. Transformation from terrestrial to celestial coordinate systems

The Farth is approximately an oblate spheroid, spinning in the presence of two massive

moving objects (the Sun and the Moon) which are posit joned such that their time-varying
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gravitational effects not only produce tides onthe Farth, but also subject it to torques.
Inaddition, the arth is covered by acomplicated fluid layer, and is not perfectly rigid
internally. As a result, the orientationof the Farth is a very complicated function of time,
which to first order canbe represented as the composite of a time-varying rotation rate<, a
wobble, anutation,and a precession. The exchange of angular momentum between the solid
Icarth and the fluids on its surface, as well as between its crust and deeper layers, is not
readily predictable, and thus must be continually determined experimentally (L.e Mouél et a/,
1993). Nutationand precession are fairly wellmodeled theoretically. At the accuracy with
which VL.BI Call d etermine baseline vectors, however, even these models are not completely
adequate.

Currently, the rotational transformation, Q, of coordinates from the terrestrial frame
to the celestial geocentric. frame is composed of 6 separate rotations (actually 12, since
the nutation, precession, and “perturbation” transformations, N, P>, and €2, consist of 3

transformations each) applied to a vector inthe terrestrial system:
Q=OPNUXY (2.94)

Inorder of appearanceinliq. (2.94), the transformations arc: the perturbation rotation,
precession, nutation, U'J], and the X andy components of polar motion. All arc discussed
in detail in the following four sections. Withthis definition of Q, if r, is a station location
expressed in t he terrestrial system, €.g., heresult of ¥q. (2.77), then that location, r,

expressed in the cclestial system is
r.= Qry (2.95)

This particular formulation is analogous to the historical path of astrometry, and is
couchedin that language. Wahile csthetically unsatisfactory with modern measurement
techniques, such a formulation is currently practical for intercomparison of techniques and
for effecting a smooth inclusion of the interferometer data into the long historical record of
astrometric data. Much more pleasing csthetically would be the separation of () into two

rotation matrices:
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Q ::Qle (2-96)

where (2 are those rotations to which the larth would besubjected if al external torques
were removed (approximately UXY above), and where @y are those rotations arising from
external torques (approximately Q7N above). Iiven then, the tidal response of the Farth
prevents such a separation from being perfectly realized. Fventually, the entire problem of
obtaining the matrix @, and the tidal eflects on station locations may be solved numerically.
Note that the matrices appearing in the transformation of Iq. (2.94) arcnot the same as
thosc historically used inastromnetry. Since we rotate the Farth rather {han the celestial
sphere, 2, P, and N arc transposes of the conventional transformations from the celestial

system of J2000 to coordinates of elate,

1. UT1 and polar motion

The first transformation, Y, is a right-handed rotation about the x axis of the terrestrial
frame by an angle ©,. Currently, the terrestrial frame is the 1,03.0 CIO frame, except that
the positive y axis is at 90 degrees cast (Siberia). The x axis is coincident withthe 1903.0
meridian of Greenwich, and the z axis is the 1903.0 standard pole.

1 0 0
Y=10 cos @y  sin O, (2.97)
0 —sm0By cosO,
where 03 1s the y pole position published by 1KRS.
The next rotation inscquence is the right-handed rotation (through an angle ©; about
the y axis) obtained after the previous rotation has been applied:
cos @, O -- sin O,
X = 0 1 0 (2.98)
sin®; 0 cos 0,
In this rotation, ©; is the IERS 2 pole position. Note that wc have incorporated in the

matrix definitions the transformation from the left-handed systemn used by IERS to the

o
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right-handed system we use, Note also that instead of KRS data used as a pole definition,
we could instead use any other source of polar motion data provided it was represented in
a left-llallded system. The only effect would be achange inthe definition of the terrestrial
reference system.

The application of “XY” to avectorinthe terrestrial system of coordinates expresses
that vector as it would be observed ina coordinat e frame whose z axis was along the Farth’s
ephemneris pole. The third rotation, U, is about the resultant z axis obtained by applying
“X}". It is arotation through theangle, - I/, where 11 is the hour angle of the true
cquinox of date (i. e, the dihedral angle measured westward between the xz plane defined
above and the meridian plane containing the true equinox of date). The equinox of date
is the point defined on the celestial equator by the intersection of the mean ecliptic with
that equator. It is that intersection where the mean ecliptic rises from below the equator to
above it (ascending node).

cos Il —sim}] 0O
U = sisinlll Eos/l 0 (2.99)
0 0 1

This angle 11 is composed of two parts:
H = h,4 ay (2.100)

where ki, is the hour angle of the mean equinox of date, and ay; (equation of cquinoxes) is
the difference in hour angle of the true equinox of date and the mean equinox of date, a
difference which is due to the nutation of the Earth. This set of definitions is cumbersome and
couples nuta tion effects with Farth rotation. However,in order to provide a direct estimate
of conventional UT1(universal time) it is convenient to endure this historical approach, at
least for the near future.

U7'1 is defined to besuchthat the hour angle of the mean equinox of date is given by

the following expression (Aoki et l.,1982; Kaplan, 1981):

h,=UT1+ 6" 41" 50°.54841 + 8640184 °.812866 1




4 0.093101 72 - 6.2 x 10-°7?

where the dimensionless quantity

Ty =(JulianUJ'1date - 2451545 .())/36525
The actual equivalent expression which is coded is:

he, = 2x(UT'1 Julian day fraction)-} 67310 °,54841

-i 8640184 °.8]2866 1, -1 0°.093104 12--6°.2 X 10°7: (2.103)

This expression produces a time, UT'T, which tracks the Greenwich hour angle of the real
Sun to within16™. However,it redly is sidereal time, modified to fit our intuitive desire to
have the Sun directly overhead at noon onthe Greenwich meridian. Historically, differences
of U1'1from a uniform measure of time,such as atoiic time, have beenused in specifying
the orientation of the Iarth.

By the very definition of “mcan of date” and ‘(true of date’, nutation causes a difference
In the hour angles of the mean equinox of date andthe true equinox of elate. This difference,

called the “equation of equinoxes”, is denoted by «y; and is obtained as follows:

' N
of = tan~? (yj—> = tan™! (72}3> (2.104)
_'lj’yl A]] 13 a 1o ( % )

where the vector

:cfY 1
g, | = Nl o (2.105)
z, 0

is the unit vector, in true equatorial coordinates of datc,toward the mean equinox of date.
in mcan equatorial coordinates of date, this same! unit vector is just (1, 0,0)7. The matrix
N-Tistheinverse (or equally, the transpose) of the transformation matrix N, which will be
defined below inlid. (2.1 1 5), to effect t he transformation from true equatorial coordinates

of elate to mecan equatorial coordinates of date.”
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It is convenient to apply “UXY” as a group. To parts in 10]2, XY =Y X. However,
with the same accuracy UXY # XY U.Neglecting terms of O(0?) (which produce station
location errors of approximately 0.006 m):

cos H - sin }j sin©cos H - sin Oysin 1
UXY = | sinll cos 11 - sin O1sin 1] 4 sin ©2 cos 1] (2.106)
sin ©; - sin Oz |

over relatively short time spans, Farth rotation might be modeled as a time-lincar
function, by analogy with tcctonic motion of the stations over longer periods. [f I'M and

UT71are symbolized by O,_3, and the reference time is tp, then this model is
O; = 0% 4 04(1 — 1) (2.107)

where ©% are the values of UTPM at the reference epoch.

a. TidalUTPM variations

Tidally induced shifts of mass inthe solid Farth, oceans, and atmosphere produce an-
gular momenta which must be redistributed in a manner that conserves the total angu-
lar momentum. The consecquences are variations inthe orientation and rotation rate of
the Farth: modification of polar motionand U'T1. Such small effects emerged above the
detection threshold in space geodesy inthe early 1990s. Modeling them is important if
cc~]ltilllcicr-level accuracy is to beattainedin interpretation of VI.BIlmeasurcments.

Just as various tidal forces aflect the station locations (Sees. 11.C.2.a - I1.C.2.c), they
also affect polar motion and UT'1(0;. 3). Equations similar to (2.41 ) may be written for

cach of the threw components of Farth orientation:
Gi = ("),’() + Ae)isol 4 A(—)iocn + AGiat'nz (2]08)

where ©: (i=1,3) symbolizes each Of the three components of UTPM, Oio is its value inthe
absence of tidal effects, and the three A terins arc the respective contributions of solid Farth,

occan, and atmospheric tides. The next two seetions describe the current models of solid
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and ocean tide contributions that are implemented in current V1I.B1 modeling software. At

present, not enough is known about atmospheric tidal eflects to quantify their contribution.

bh. Solid Farth tide UTPM varijations

The pioneering work in tidal eflects on Farth orientation was that of Yoder ctal. (1 981).
It was limited to UT1,but included some occaneffects. ‘J heir calculated AU7'1 can be

represented as

N 5
AUTT =" [A,-sin [}: k,,a]-]] (2.109)
i=1 j=1

where N (=41 is chosen to include all terms with periods from 5 to 35 days. There are

no lower-frequcnc,y contributions until a period of 90 days is recached. However, these long-
period terms arc aready included in the results reported by the current Farth-orientation
mecasurement services. The values for k;jand A;, along with the periods involved, are given
inYable 4.37.1 of the Fxplanatory Supplement (Seidelmannet al., 1992. ) The @ifori= 1,
=

5 arc just the five fundamental arguments definedinlqgs. (2.118 - 2.1 22) as 1I,I', ', D, and

2, respectively.

c. Oceantide UT'PM variations

Redistribution of the angular momentum produced by ocean tides affects the liarth’s
rotation pole position and velocity. This cffect was first quantified by Brosche et al. (1989,
1991 ). The dominant effects on polar mmotion and UT1are at diurnal, secimnidiurnal, fort-
nightly, moiithly, and semiannual frequencies. Assuming that the frequencies slower than
fortnightly arc adequately accounted for cither inmodeling combined solid and occan tidal
cffects (not strictly true with the Yoder model), orare already present inthe a prior:
UTPM series, only the diurnal and semidiurnal frequencies need to be modeled, uither
limiting the model to tidal components with apparent amplitudes larger than 1 us gives

cight components.
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For unified notation, define ©;_3 = x, y polar motionand U7T'1, respectively. Thenthe

ocean tidal eflects AO® can be written as

N 5 5
A, - Z A ('OS[ ) kijﬂj -| 711‘(’t,Y -4 7()] -+ 13y Si]l[z; l\‘i]‘(lj -+ "i(h’v - ﬂ)]} (2] ]0)
i=1 =1 j=1 i

Aiand Biare the cosine and sine amplitudes that may be calculated from theoretical tidal
modcls (as in the work of Brosche)or empirically deterinined from data (Herring and Dong,
1994; Sovers, Jacobs and Gross, 1993; Watkins and Ilanes, 1994). Theoretical calculations
of polar motion ocecan eflects have only very recently appeared: Gross (1 993) used Sciler’s
(1989-1991 ) ocean model to estimate Ai1-2and Bii-2 (i = 2 to 7). ‘T’able IV lists the
cight terms currently included in the model. These numerical coefficients are taken from the
empirical results of Soversetal. (1993); this is known in our V1I.BIcode as the JP1.92 fast
UTPM model.

The ocean tidal UTPM effects are also modulated by the 18.6-year lunar node variation
(A"). As inthe case of oceanloading station displacements (Sec. 11.C.2.c), the contributions

AO/ of the companion tides to AQ,canbe written as

A’ B 5
AQ) = E}: PLi [Aﬂ cos[}: kijo -l ni(hy 4 m) - npggwn )t 4 nkiN’] -
j=1

=1 k

5
By Si]][}: k,’j()(j + 7L,’(’l,Y : 7T) -+ 71,kinI)i -+ 711‘:,'N’:H (2.] ]])
J=1 i

where the strengths of the companion tides ry; are found in Table 111

Since arotational frequency of 1 (0) cycles per sidereal day (cpsd)inthe celestial frame
(S) is identical to afrcquencyof O (- 1) cpsdinthe Karth-fixed frame (13), nutations with
sl)acc-fixed frequencics ws coincide with polar motions with bocly-fixed frequencies wp =
—1 4 ws. Theretrograde parts of the polar motion terins with coeflicients A1 2 and 1351 2
corresponding to the diurnal tidal components listed in ‘Jable 1V (i= 5 to 8) arc thus
cquivalent to components of the nutation model, and due care must be taken when both

classes of paramecters are estimated.
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2. Nutation

With the completion of the U7'1 and polar motion transformations, we are left with a
station locat ion vector, ryqe. This is the stationlocationrelative to true equatorial celestial
coordinates of date. The last set of transformations are nutation, N, precession, F’, and
the perturbation rotation, §2, appliedin that order. These transformations give the station

location, r, in celestial equatorial coordinates:
ro z 2 Nrgase (2.112)

The transformation mmatrix N is a composite of three separate rotations (Melbourne

et al., 1968):

1. A(e): true equatorial coordinates of date to ecliptic coordinates of date,

1 0 0
Ale)= |0 cos & sine (2.113)
0 - sine cose

2. C*'(Av):nutationin longitude from ecliptic coordinates of date to mean ecliptic
coordinates of date,
cos A sinAyp O
CT(AY)= | ~sinAp cosAyp O (2.119)
0 0 1

where Ay is the nutation in ecliptic longitude, and
3. AT(g): ecliptic coordinates of date to mecan equatorial coordinatcs.

in ccliptic coordinates of date,themean equinox is at an angle A = tall'l (y5/x5). The
angle Ae = ¢ - £ is the nutationin obliquity, and g is the mean obliquity (the dibedral
angle between the plane of the ccliptic and the mean plane of the equator). “Mean” as used

in this section implies that the short- period (7'< 1 8.6 years) effects of nutation have been



removed. Actually, the separation betweennutationand precession is rather arbitrary, but

historical. The composite rotation is:

b
N = AT @) CT(AP)Ae) (2.115)
cos A cos € sin A sine sin Ay
- cosesin Y cosEcosecos AY -f singsing  cosésinecos Ay -~ singcose
- sinEsin Aty sinfcosecos Ay - cosEsing  sin€sinecos AY -+ cosEcose

It should again be pointed out that this is the reverse of the customary astronomical nutation.
The 1980 1AU nutation model (Seidelmann, 1982; Kaplan, 1981) is used to obtain the
values of A ande -- €. The meanobliquity is obtained from lLieskect a. (1977) or from

Kaplan (1981):

£:= 23° 26'21.°448 - 46.°8150 7' — 5”9 X 10" *7?41.”813 x 107373 (2.116)

7= (Julian U7'1 date - 2451545.0)/36525 (2.117)

T'his nutation inlongitude (A%) and in obliquity ( Ae=-¢—Z) canberepresented by a series
expansion of the sine.s and cosines of linecar combinations of five fundamental arguments.

These are (Kaplan, 1981; Cannon, 1981):
1. the mean anomaly of the Moon:

o= 1.= 2.35554839 + 8328.691422887'41.5180 X 10°7'24-3.1X 10777 (2.118)

2. the mean anomaly of the Sun:

ap= 1':6.240035944 628.301956027° - 2.80 X 10°1'*---5.8 X 107873  (2.119)

3. the mecan argument of latitude of the Moon:

as == 1" = 1.62790193-1 8433.466158327 - 6.4272 X 10-°7%453 X 10787 (2.120)



4. the mean elongation of the Moon from the Sun:

aq= D)= 5.19846951 +47771.377146177" - 3.341 x 10-°7'°49.2 x 10-°7'%(2.121)

5. the meanlongitude of the ascending lunar node:

as=- 1= 2.18243862 -- 33.757045937” 4 3.614 X 10°7'*43.9 X 10787 (2.122)

With these fundamental arguments, the nutation quantities can then be represented by

N 5
A =1 (Ao + A1) sin [}: kﬁa,-(’J')] } (2.123)
J=1 =1
and
Al 5
Ac = Z[ (Boj 4 By,1") cos [)j kjia,-(y')} ] (2.124)
j:l =1

where the various values of Ofi,kji,/]]-,a,nd Bjare tabulated in ‘I’able 3.222.1 of thekix-

planatory Supplement.

a. Corrections to the 1980 IAU model

Additional terms can be optionally added to the nutations Ath and Ae in kgs. (2.123)
and (2.124). Thesec include the out-of-phase nutations, the free-core nutations (Yoder, 1983)
with period wy (nominally 430 days), and the “nutation tweaks” é3 and ée, which are
arbitrary constant increments of the nutation angles A and Ae. Unlike the usual nutation
expressions, the tweaks have no time dependence. The out-of-phase nutations A and Ae?,
which are not included in the 1AU1980 nutation series, arc identical to Egs. (2.123) and
(2.124), with thereplacements sin ¢ cos:

N 5
A=Y [(Azj 4 Ag;T) cos [L kﬁoi(y')H (2.125)
=1 =1

and
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N

A= 3 [(nzj 4 By sin [Z kjiai('/')]] (2.126)

=1 1=1

4

I'xpressions similar to these are adopted for the free-core nutations:
AP = (Ago 4 AroT) sin(w;T') 4 (Age + Asol) cos{w;1") (2.127)
and
Aed = (Boo + BioT) cos(ws ') + (Bao 4 Bagd') sin{w;T) (2.128)

If the free-core nutation is to be retrograde, as expected ontheoretical grounds, wyshouldbe
negative. The nutation model thus contains a total of 856 paramecters: A;; (i= 0,3; j=1,106)
and B;; (1=0,3; j=1 ,106) plus the free-)lutation amplitudes A, (¢=0,3), I3; (1=0,3). The
only nonzero a priori amplitudes arc the Ag;, Ay, Boj, By; (j=1,106).

The nutation tweaks are just constant additive factors to the angles Ay and Ae:

Ay -y Ap + 6y (2.129)

and

Ae - Ae - be (2.130)

Deficiencies in the IAU nutation model becane clearly evident inthe 1980s (llerring
clal., 1 986. ) Several methods of correcting them are in current use. The first possibility
is 1o use empirically determined values of &y, ée that are available from the TERS.If this
option is sclected, the user is relying on nutation angles that arc determined from other
V1Bl experiments near the date of interest, and performing interpolation. An alternative
iS to cstitnate 6 and ée from the data during analysis.

Other options arc to select one of the recently published replacements of the 1980 1AU
series. Zhuet al. (1 989,1990) have refined the 1980 IAU theory of nutation both by re-
exatnining the underlying Iarth imodel and by incorporating recent experimental results.

Herring (1 991) has extended the work of Zhuet a. and used geophysical parameters {rom
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Mathews et al. (1991) to generate the ZMOA 1990-2 (Zhu, Mathews, Oceans, Anclasticity)
nutation series. Kinoshita and Souchay (1 990) have re-examined the rigid-Farth nutation
theory, and included all terms larger than 0.005 mas, in particular planctary terms not
present in any previous theories. The 263 lunisolar terms have been corrected for the INarth’s
non-rigidity (Souchay, 1 993).

I't should be noted that the paper of Kinoshita and Souchay gives expressions for the
lunisolar tidal arguments that arc slightly at variance with the JAU formulas presented above
inlgs. (21 1 8-2.1 22). These differences may be of significancein high-accuracy modeling
studies. ‘1'heir expressions for the five usual arguinents!, 1', I, D, and ), as well as five

additional planctary argumentslv, Iy, la, 15, and 1sare given below (allinunits of radians):
1. the mean anomaly of the Moon:

ay = 1 = 235555590 + 8328.691427 T' (2.131)

2. the mean anomaly of the Sun:

2= 1" = 6.24006013 - 628.301955 7' (2.132)

3. the mean argument of latitude of the Moon:

az=F'= 162790523 -1 8433.466158 1 (2.133)

4. the mean elongation of the Moou from the Sun:

ay= 1) = 519846674 -1 7771.377147 T (2.134)

5. the mecan longitude of the ascending lunar node:

as Z- 1= 2.18243920 - 33.757045 T (2,135)
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The Kinoshita-Souchay planctary contributions to Ay and Ac are

N 10 10
AQ/) = }_:{ Si/’]' sin [Z ]\ﬂﬂl(y)] - (’VU’J‘ COs I:X Aﬂﬂl(f")} ] (2]36)
j=1 iz =1
and
N 10 10
Ae = Z[ Sfj sin [2; }\Jz/f@(rj)] B (351' COS [2: Lﬂ/)',(,]')] } (2]37)
=1 i=1 i=1

where the astronomical arguments are symbolized by % the last four 5; arc identical with
the a; defined above (7 = D = aq, s = F = a3, o = | = a1, Bro = @ = «s), while the

first six are
1. the mean anomaly of Venus:

By =1y == 3.176146697 + 1021.32855467 (2.138)

2. the mean anomaly of Farth:

By =l = 1.753470314 4 628.30758492 1" (2.139)

3 . the mean anomaly of Mars:

B3 = lys = 6.203480913 - 334.061243157" (2.140)

4. the mean anomaly of Jupiter:

By = 1y = 0.599546497 4 52.96909651 7' (2.142)

5.the mean anomaly of Saturn:

Bs = ls = 0.874016757 4 21.32990954 7' (2.142)

6. the accumulated general precession:

B = pe = 0.024381751" 4 5,38691 x 10°¢ 7 (2.143)

61



Since the present standard imodel of nutation is known to bein error by amounts that
arc large incomparison to present mecasurement capabilities, the International Astronomical
Union (1AU) considers it imnportant to formulate and adopt animproved nutation model
by 1997. A working group is presently considering variants of the ZMOA and Kinoshita-

Souchay models in this connection.

3. Precession

The next transformation in going from the terrestrial frame to the celestial frame is
the rotation 2. This is the precession transformation from mean equatorial coordinates of
date tothe equatorial coordinates of the reference epoch (eg., J2000). As was the nutation
matrix of I5q. (2.1 1 5), thisis arotation whose scnse is opposite to that of the conventional
astrometric precession. It is a composite of threerotations discussed in detail by Melbourne
ct al. (1968) andLieske ¢l al. (]977):

cos Z sinzZ O

R(-7) =|- sinZ cosZ o (2.144)

QO) = 0 1 0 (2.145)
sin® 0 cos ©

cos( sin( O

R(~¢) = sin( Cos (0 (2.146)
0 0 1
P= R(- OQO)R(-7) (2.147)
cos(cos®cosZ sin(sin/ cos ( cos ©sin Z 4 sin cos Z cos ( sin ©
= | - sinCcos@cosZ cosCsin/ - sinlcos@sinZ 4 cos(cosZ -~ sin(sin®
- sin O cos Z - sin @ sin /4 cos ©
62
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The auxiliary angles ¢, 0,7 depend on precession constants, obliquity, and time as

¢ = 0%.57712° 4 0+.3018s 7% + 0°.017998 7° (2.148)
Z =0"5m7 -+1".09468 7? -} 0*.01 8203 73 (2.149)
60 = nT -= 0742665 72 . "0 41833 73 (2.150)

where the speeds of precessioninright ascension and declination arc, respectively,

771 = pp,sCOs€0 — ppy, (2.151)

71 = s sin €o (2152)

and Prs = the luni-solar precession constant,pp;, = planetary precession constant,éo== the
obliquity at J2000,and 7'[lq. (2.1 17)] is the time incenturies past J2000. Nominal values
at J2000 are prs = 5038’ .7784/cy, ppy, =10".5526/cy; these yield the expressions given by
Lieske ¢t al. (1977) and Kaplan (1981):

¢ =2306”.21817" -y 0“.30188 724 0*,017998 7% (2.153)
O = 2004’'.31097’ - 0".42665 72 - 0*.041S33 7° (2.154)
7= 2306 .2181 7' +41".09468 7% + 0*.018203 7 (2.155)

1)irect estimates of precession corrections can be obtained from observations. The most
recent such result (Charlot et al., 1995) indicates that the current 1AUnominal value of prs
is in error by 3.0 milliarcseconds P¢ year. The precession matrix completes the standard
model for the orientation of the lMarth.

4, Perturbation rotation

The standard model for the rotation of the Iarth as a whole may need a sinallincremental

rotation about any onc of the resulting axecs. Define this perturbation rotation matrix as

Q= AAA, (,2.156)
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where

10 0
A, = |0 1 60, (2,157)
0 —660, 1

with 60, being a small angle rotation about the x axis, in the sense of carrying y into z;

10 - 60,
A, = | 0 1 0 (2.158)
660, 0 1

with 60O, being a small angle rotation about the y axis, inthesense of carrying zinto Xx;

and
1 60, 06
A, = |-66, 1 0 (2.159)
0 00 1

with 60, being a small angle rotation about the z axis, in the sensc of carry ing x into y. For
angles on the order of 1 arc second we canneglect terms 011 the order 0% Ry, as they give
cffects 011 the order of 0.15 min. ‘1'bus, inthat approximation
1 860, 460,
Q- |-60, 1 50, (2.160)

In general,
§0; = 804(1) = 60+ 60,14 fi(T) (2.161)

which is the sum of an offset, a time-lincar rate, and some higher order or oscillatory terms.
Currently, only the offset andlinear rate are implemented.In Particular,a non-zero value of
6@y is cquivalent to a change in the precession constand, 69, is equivalent to the time

rate of chiange of the obliquity €.Sctting
50, - 80, = 60, - 0 (2.162)

gives the effect of applying only the standard rotation matrices.
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Starting with the llarth-fixed vector, r,, we havein Sections 11.C through 11.1¢ above

shown how we obtain thesame vector, r., cxpressedin the celestial frame:

r. = QPNUXY(ro+ A) (2.163)

F. Earth orbital motion

We now wish to transforin these stat ion locations from a geocentric reference frame
moving with the Karth to a celestial reference frame which is at rest relative to the center
of in.ass of the Solar Systemn.In this Solar System barycentric (SSB) frame we will usc these
station locations to calculate the geometric delay (scc Section 11 .A). We will then transform
the resulting time interval back to the framne in which the time delay is actually measured
by the interferometer — the frame moving with the Iarth.

Lct 3 be a geocentric frame moving with vector velocity = B¢ relative to a frame, 3,
al rest relative to the Solar System center of mass. Further, let r(?) be the position of a
point (c.g., station location) in space as afunction of time, ¢, @ measured in the 3 (SSB)
frame.In the Y’ (geocentric) frame, there is a corresponding position r'(¢') as a function
of time,?. We normally observe and model r'(') as shown in Sections 11.C through 11.1.
However, inorder to calculate the geometric delay in the SSB frame (%), we will need the
transformations of r(t) ant] r’'(¢’), as well as of ¢ and t’, as we shift frames of referen ce.

Mecasuring positions in units of light traveltime, we have from Jackson (1 975) the l.orentz

transformation:

() = r()4 (- ete) -5 B (2.164)
= Alt--r(t)- B (2.165)

and the inverse transformation:
(©) =x'(t) - (71 )r’(t’>‘"§? i Bl (2.166)
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t= At 4 () 8] (2.167)
where

~1/2

~v=0 .. 8% (2.168)

Let ¢y represent the time measured in the SSB frame (%), at whicha wave front crosses
antenna 1 at position ry(¢;). Let r2(t;) be the position of antenna 2 at this same time, as
measured in the SSB frame. Also, let {3 be the time measured in this frame at which that
same wave front intersects station 2. ‘1'his occurs at the position ry(13). Following Section
I1LA, ¥q. (2.2) we can calculate the gecometric delay 5 - 4. Transforming this time interval

back to the geocentric (') {rame, we obtain

3 =1 = (5 — 1) - ylr2(t3) = (1)) - B (2.169)

Assume further that the motion of station 2 (with barycentric velocity 3,) is rectilinear over
this time interval. Thisassumption isnot strictly true but, as discussed below, the resulting

error is much less than 1 mm in calculated delay. ‘Jbus,
ro(£3) = ro(ty) -1 B2l - ;) (2170)
which gives:
ra(25) — ri(th) = ro(ta) - ri(t) 4 Bo(t; — t) (2.1'71)
and

=1y = (15— 1) - ylra(ta) ()] - B~ B,y - BlE; — 1]

= (1 - By Bty - 1) = Alra(ta) - mi(th)] - B (2.172)

This is the expression for the geometric delay that would be observed in the geocentric (X’)

frame in terms of the gcometric delay and station positions mcasured in the SSB system



Since our calculation starts with stationlocations giveninthe geocentric frame, it is
convenienl to obtain an expression for {ra(fy) - r, (11))in terms of Quan tities expressed in
the geocentric frame. ‘1’0 obtain such an expression consider two events [r{(¢}), r5(1] )] that
arc gcomelrically separate, but simultancous,inthe geocentric framne, and occurring at time

7. These two cvents appear inthe SSB {rame as:

BB
() = (1) + (v = Dri(@h) - ra + B (2,173)
and as.
’ !/ / ! ﬂﬂ_ !
ro(t2) = ry(th) + (v - Dra(ty) - P + 8¢ (2.174)
where
ty ~ 11 = y[ri(1)) - 1i(t1)]- B (2.175)
With these three cquations and the expression
ry(lz) = ra(th) 4 Byltz - 1) (2.176)
we may obtain the vector ro(ty):
1 / 7 7 ﬂﬂ ! ! ! ! tl . (() 177)
ra(th) = ro(th) + (v = 1)ry(ty) - a 1Bt — ABIry(th) — ry ()] - B 2
This is the position of station 2 at thetime ; as observed in 3. From this we obtain:
U 1yt 1 g -t (4! . _@g
rg(t]) — r](t]) = rQ(il) - I'l (t]) '1 (’7 - ])[I'?(t]) = rl(tl)] 132
TByIry(t ) r ()] - B (2.178)

As showninScction11.A, the vectors [r2(11) —ry(¢1)] and B, are al that is necded to obtain
{3 - 1; for the case of plane waves. lor curved wave fronts we will need to know the individual
st ation locations in the barycentric frame as well. These we obtain fromIigs. (2.1 73) and
(2.177) with ) sct equal to zcro. Setting?i= O is justified since the origin of timeis arbitrary

when we are trying to obtain time differences.

67



In coding these transformations, the relationship for the transformation of velocitics is

also nceded. Taking differentials of Fqs. (2,166) and (2.1 67) we have:

dr = dr' 4 (v - ])dr' “55 4 ~ABdt’ (2.179)
di =v(dt'4dr . 3) (2.180)

Dividing to obtain dr/dt we obtain for station 2 in the SSB (¥) frame:

@E’

By = (B4 (v=1)8,- = 4 48]/ [v(14 B;-B)] (2.181)

For station 2 relative to the geocentric. origin, wc have from Fgs. (2,94) and (2.95):

d( o
where
wp= 7.2921151467 X 10'51‘ad/s (2.183)

is the inertial rotation rate of the Farth as specified inSeidehmann et al. (1 992), p.51. This
is not a critical number since it is used only for station velocities, or to extrapolate BFarth
rolation forward for very small fractions of a day (i. e, typically lessthan 0.01 day =~ 1000
scconds). Actually, this expression is a better approximation than it might seem from the
form since the errors in the approximation, (g]f{ = wy, are very nearly olfset’ by the eficct of
ignoring the time dependence of PN.

The assumption of rectilinear iotion can be shown to result in negligible errors. Us-

ing the planc wave front approximation of lq. (2.2), we can estimate the error 67 in the

calculated dclay due to an error A3, inthe above value of 3,:

67 = K elralt) - 1y (D), = ey 5 1o k| F70Bs (2.184)
2 2 2

Ifurther, from kq. (2.181) above,

AB, ~ AB), (2.15<5)
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since
v+ 10-% (2.186)

VA \ N /s .y S, nfi ot - . o B
Vor the vector B in a frame rotating with angular velocity w, the error AB) that accumulates

in the time interval 7 due to neglecting the rotation of that frame is
AB, = BLwr (2.187)

T'hus for typical ]~art}I-fixed basclines, wherer<0.02 s, neglect of the curvilinear motion of
stat ton 2 due to the rotation of the Farth causes an error of < 4 x 10™s, or 0.012 min,in
the talc.ulatiol~ of 7.Similarly, neglect of the orbital character of the Farth’s motion causes
a maximum error on the order of 0.0024 1n1n.

The position, Ry, and velocity, B of the Earth’s center about the center of mass of

the Solar Systemn are:

R.],; = - 27’7"'1{‘1'/2 my (2188)

Br = = miB/> m; (2.189)

where the index 2 indicates the Sun, Moon, and all nine Solar Systemn planets. ™M is the
mass of the body indexed by 7, while R; and 8; arc that body’s center-of-mmass position
and velocity relative to the center of the Farthin the barycentric framne. In a strict seuse,
the sumimation should be over all objects inthe Solar System. Except for the Farth-Moon
system, each planet mass represents not only that planet’s mass, but also that of all its
satellites. The R; and B, arc obtained from the planetary ephemeris in the J2000 frame
(Standish, 1982, Standish and Newhall, 1995).

Working in aframe at rest with respect to the center of mass of the Solar System causes
relativistic cffects due to the motion of the Solar Systemin a ‘{fixed frame”tobeincludedin
themcan position of the sources and intheir proper motion. ‘1'here arc two effects: geometric

and aberrational. The geometric effects of galactic rotationcanbe easily estimated. Inthe
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vicinity of the Suu, the period for galactic rotation is approximately 2.2 x10® years. Thus
our angular velocity about the galactic centerisas 27/2.2x10%= 3 X 107® radialls/year. Tor
sources withinthe Galaxy, at distances approximately equal to our distance from the galactic
center, therefore, the apparent positions could change by = 30 nrad/yr. Anintercontinental
baseline (10,000 km) could thus be in error by as much as 30 cm/yr (1 nrad~ 1 cm)
if mecasurements were based on sources wit hin the Galaxy. Since our distance from the
galactic center is &~ 2.7 x 104 light years, and most extragalactic radio sources are believed
to be ~10° light years distant, the potentia bascline error is scaled by the ratio of these two
distances, ~ 3 x 10°, and becomes~ 0.01 lllIn/year. Kven with the present 15-year history
of VLBI data, the purely geometric systematic crror due to galactic rotation is probably
negligible, aud only exceeds the millimeter level for sources closer than 100 million light
years.

A second contribution comes from galactic aberration, which is treated as a special
relativistic effect for an observer ona moving platform. Both the galactic latitudes aud
longitudes of the sources vary sinusoidally with the galactic rotation period 75 = 2.2 x
10% years, amplitudes ranging over £ v/e (1 rench,1968),and the latitude variation is also
proportional to the sine of the latitude. Theamplitude range is 7.5 x 107 radians; thus

over half therotational period at zero galactic latitude, the longitude varies by
AO =(2v/c)/(0.57},)== 1.4 x 10" rad/yr (2.190)

Over the present 15-year span of VL.BI data, thesystematic errors induced by aberration
arc thus 0.2 nrad (40 pas) inangular incasurements, and 2 mm in distance measurements
for a 10,000 km baseline. Both are in the 1ange that is currently starting to be detectable,

and galactic rotation must He included in the VLBl model in the near future.

G. Antenna geometry

The development in Secs. 11. A to 11} indicates how thetime delay model would be

calculated for two points fixed with respect to the Earth’s crust. Just as the sources are
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not point- like (Sec. 11.1)), the antenna system likewise dots not necessarily behave as au

Farth-fixed point. Not only are there instrumental delays in the system, but portions of the
antennamove relative to the FEarth. To the extent that instrumental delays arc indepe ndent
of the antenna orientation, they arc indistinguishable to the interferometer from clock offsets
and sccular changes in these offscts. If necessary, these instrumental delays canbe separated
from clock properties by a careful calibration of cach antenna system. That is a separate
problem, treated as a calibration correction (e.g., Thomas,1981), and will not be addressed
here.

lHlowever, the motions of the antennas relative to the Farth’s surface must be considered
since they arc part of the geometric model. A fairly general antenna pointing system is
shown schematically in Fig. 6, which applies to all antennas that arc steerable along two
coordinates. The unit vector, §, to the apparent source position is shown. Usually, a
symmetry axis AD will point parallel to 8. The point A on the figure also represents the end
view of an axis which allows rotation inthe plane perpendicular to that axis. This axis is
ofl’set by some distance I fromn a sccond rotation axis Bl. All points on this second rotation
axis arcfixed relative to the Farth. Consequently, any point along that axis is a candidate
for the fiducial point which terminates this end of the baseline. The point we actualy use
is the point P. A plane containing the rotation axis A and perpendicular to BE intersects
BI¢ at the point P. ‘I his is somewhat an arbitrary choice,one of conceptual convenience.

Consider the plane Q which is perpendicular to the antenna symmetry axis, AD, and
contains the antenna rotation axis A. For planc wave fronts it is anisophase plane (it
coincides with the wave front). For curved wave fronts it deviates from anisophase surface
by ~ 1.2/(2 R), where I? is the distance tothe source, and I is taken as a typical antenna
offsct AP. For I, &~ 10 meters, 12 = Ryo0n = 6011 ~ 3.6 X 108 m, and the curvature correction
L?/(2R) =~ 1.4 x 10"m is totally negligible. 12 has to be5 ktn, or 10- 3 I, before this
deviation approaches a 1 cin contributionto the delay. Consequently, for all anticipated
applications of radio interferometry using high-gain radio antennas, the curvature of the

wave front may be neglected in obtaining the effect of the antenna orientation on the time
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delay.

Provided the instrumental delay of the antenna systein is independent of the antenna
orientation, the recorded signal is at a constant phase delay, independent of antenna orien-
tation, at any point on the Q planec. Since this delay is indistinguishable from a clock Offset,

it will be totally absorbed by that portion of our model.

1. Axis offset

The advantage of choosing the Q planc rather thansome other planc parallel toit is that
axis A is contained inthis plane, and axis A is fixed relative to the BE axis by the antenna
structure. If 1 is the length of aline from P perpendicular to the Q plain, the wave front
will reach the }tartl)-fixed point P at atime At=1/c after the wave front passes through
axis A. If 7y isthcinodel delay for a wave front to pass from P> on antenna 1 to a simnilarly

defined point on antenna 2, then the model for the observed delay should be amended as:
T=T0— (Aig - Ai]) =z To (ll - 12)/C (2191)

where the subscripts refer to antennas 1 and 2.

For the inclusion of this eflect in the model, wc follow a treatment given by Wade (1 970).
Define aunit vector 1along BE, inthe sense of positive away from the Earth. FFurther, define
a vector, L,fromP to A (|L|=1L). Without muchloss of gencrality in this antenna systemn,

wc assumne that 8, L, and | arc coplanar. Then:
L ooy x(sxD) (2.192))

where the plus or minus sign is chosen to give 1.the direction from P to A. Whensand L
arc parallel or antiparallel, if the antenna comes closer to the source as L increases, the plus

sign is used. Since

Ix(8xI)=5-1(1-%) (2.193)

l:§-L::4;],\/;» -1 (2.194)
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where the sign choice above is carried through.

Curvature is always a negligible effect in the determination of 8 . I,. Likewise, gravita-
tional effccts are sufficiently constant over a dimension H so as to enable oue to obtain a
single Cartesian frame over these dimenisions,to a very good approximation. Consequently,
it issomewhat easier to calculate a proper time At=- l/c inthe antenna frame and to include
it in the inodel by adding it to 7o, taking into account the time dilation in going from the

antenna frame to the frame in which 7o is obtained.

2. Refraction

If S0 is the unit vector to the source fromn the antenna in a frame at rest with respect to
the Solar System center of mass, alorentz transformation yiclds 8, the (aberrated) apparent
source unit vector inthe Itarth-fixed celestial frame. Actudly, the antenna does not “look”
at the apparent source position s, but rather at the position of the source after the ray path
has been refracted by an angle AF inthe Farth’s atmosphere. This effect is already included
inthe tropospheric delay correction (Section 1V.B); however since the antenna model uses
the antenna clevation angle Fy, the correction must be inade here as well. For the worst
case (clevation angle of 6°) at average DSNstation altitudes (&1kin),the deflection canbe
as large as 2 x 10--3 radians. ‘1'bus, §l=~ 1 Al'= 2 cm for 1. == 10 meters. A model option
permits modification of 8 to take atmospheric refraction into account. The large-elevation-

angle approximation is the inverse tangent law:
AL =3.13 x 107"/ tan I, (2.195)

where IY' is the elevation angle, and A the change from the apparent elevation #/o induced
by refraction. This inodel was implemented only for software comparison purposes, since
it gives incorrect results at low clevationangles. Inthenotation of Section IV.B, asingle
homogencous spherical layer approximation yields the bending correction in terms of the
zenith troposphere delays py, first moment of the wet troposphere refractivity M., dry

troposphere scale height A, and EFarth radius R:
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AL = cos cos( L+ (FE)(L 4 xa)] - o (2.196)

where

X0 = (P24, A P20 [Muet )] A (2.197)
ag = cos ' [(1 + o')/(140)] (2.198)
o= AR (2.199)
\1/2
o = [(1+ oo + 2)/sin? ]‘/0) - 1} sin? Iy (2.200)

This formula agrees with ray-tracing results to within1% at 6° and ~15% at 1° elevation,
while the corresponding comparisons for liq. (2.1 95) give ~#25% at 6° and a factor of 3 at
1°

Since we are given Iinterrestrial coordinates, we first perform the coordinate transfor-

mation given by Q in Section 11.1:
,j = Qitmr('sh‘ial (220])

With this done, obtain At=1[/cfromkq. (2.194). Note that for “ncarby” sources we also
must include parallax (i. e., geographically scparate antennas are not pointing in the same
direction). If R. is the position of the source as scenfrom the center of the Farth,and r is
the position of a station intihesaimne frame, thenthe position of the source relative to that

station is
R=Rg-r (2.202)

andinliq. (2.194) wemake the substitution

~

2
(1) - [Ql{ﬁ; Qfl I] (2.203)




3. Unique antennas

One of the antennas employed by thelRIS project of NOAA was extensively used in
VLB]cxpcrimcnt%did not fall into any standard category. It was unique because it was
an equatorial mount designed for thelatitude of Washington, 1).C., but was deployed at
Richmond, Florida until it was destroyed inthe hurricane of August 1992. The considerable
latitude diflerence, and the axis offset of several meters,make it imperative that the antenna
geometry be properly modeled. In the local VEN coordinate frame, the vector T iis

sin gy
~ COS ¢hyy SIN € (2.204)
COS ¢y COS € 1
Upon transformation to the Narth-fixed frame via the matrix VW [Eq. (2.67)], it becomes
cos A(sin ¢ cos ¢ — coS ¢ SiN ¢ €os €) - Sin A cos ¢ sin ¢
sin A(sin ¢w COS ¢ -- COS ¢ SIN ¢ COS €) — COS A COS ¢y SN € (2.205)
Sin $w sin ¢ + cos $w cos ¢ cos ¢
Here (A,+) are the Richmond longitude and latitude, éw is the latitude of Washington
(39.060), and ¢=0.12° W of N is the azimuth misalignment.

Two other one-of-a-kind antennas,in Arecibo, Puerto Rico and Nancay, lrance, arc
seldom used in astromet ric and geodetic V1.BI work. The Arecibo antenna has hardware
features which make it equivalent to an azi]nutl]-elevation mount.The Nancay array has

been treated by Ortega- Molina (1 985).

4. Site vectors

Modcling software must provide the facility to add atime-invariant offset vector in local
geodetic coordinates (gcodetic vertical, 1ast, and North) from the antenna reference point
to a point elsewhere, such as a benchmark onthe ground. Thisis particularly usefulin work
involving transportable antennas which may be placedin slightly different places relative

to an llarth-fixed benchmark each time a site is reoccupied. I modeling that offset vector,
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we make the assumption of a plane tangent to the geoid at the reference benchmark and
assume that the local geodetic vertical for the antenna is parallel to that for the benchmark.
Withthese assumptions there is anidentity in the adjustinents of antenna location with
changes derived for the benchmark location. The error introduced by these assumptions in
a bascline adjustinent is approximately AB x (d/12y;), where AI3 is the baseline adjusti nent
from its a prior: value, d is the!l scparation of the antenna from the benchmark, and Ry, is
the radius of the Farth. To keep this error sinaller than 0.1 i for baseline adjustinents on
the order of 1 meter, d < 600 meters is required.

More troublesome is that anangular error §@in obtaining the loca vertical, whenusing
anantenna whose intersection of axes is a distance, /1, above the ground, cancausean error
of 11siné© ~ 1160 in measuring the baseline to the benchmark (Allen, 1982). Unless this
error is already absorbed into the actual mecasurement of the offset vector, care mustbe
taken in setting up the antenna so as to make 60 minimal. For a baseline crror < 1 mm,
and an antenna height of 10 meters, 60 < 20 arcseconds is required. Often plumb bobs
arc usced to locate the antenna position relative to a mark on the ground. Thismark is, in
turn, surveyed to the benchmark. Eventhe difference in geodetic vertical from the vertical
defined by the plumb bob may be as large as larc ininute, thus potentially causing an error
of 31 for antennas of height 10 meters. Consequently, great care must be taken in these
measurements, particularly if the site is tobe repeatedly occupied by portable antennas of

different sizes.

5. Feed rotation

Another physical effect related to antenna structures is the differential feed rotation for
circularly polarizedreccivers. This is caused by the changing orientation of the clectromag-
netic field relative to a fixed direction onthe celestial sphere. Liewer (1985) has calculated
the phase shift O for various antennatypes. It is zero for equatorially mounted antennas.

For altazimuth mounts,
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tan O = cos ¢sinh/(singcosé - cos ¢sin é cos h) (2.206)

with ¢ = station lat itude, & = hour angle, and é = declination of the source. For X-Y
mounts, two cases are distinguished: orientation N — S or,-W . The respective rotation

angles arc

tan(—0) = sin ¢ sin h/(cos ¢ cos é +sin ¢sin dcos h) (N -- 9) (2.207)

tan(—0) =-- cos h/(sinésinkh) (F - W) (2.20s)

The eflect cancels for group delay data, but can besignificant for phase delay and delay rate

data (up to 100 fg/s for the latter). The effect on phase delay is
T =(0,-0)/f (2.209)

where [ is the observing frequency and 0; the phase rotation at station <.
Finally, another sinall correction which accounts for the effect of orientation of hour angle-
declination (HA-Dec) and X-Y antennason the tropospheric path delay was considered by

Jacobs (19S8). Details are given in tile troposphere Section, 1V.B.

6. Thermal expansion

By analogy with the model for atiospheric loading in Section11.C.3.a, variations of the
temperature cause vertical displacements of the antenna reference point. These can amount
to severalmin for ordinary diurnal or scasonal temperature variations for large antennas. If
VI.BI] data acquired under diverse wecather conditionsare to be processed simultanecously, it
may be immportant to account for the vertical motion of the reference point.

A rudimentary model of this effect assumes that the vertical displacement Ar of the

antenna reference point, a distance h above the ground, is
Ar = a1 - Thep)h (2.210)

where « is the coeflicient of thermal expansion and 7.5 is the reference temperature. The

reference temperature is takento be equal to the global average temperature at cach station.
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or the universal average 292 K (uscd intropospheric mapping in Sec. 1V. }1.] ) if the former
isnot available. A linear expansion cocilicient of 12 ppm is appropriate for both stecland
concrete. The vertical motion is thus ~0.42 mmm/K for a 70-m antenna. Refinements of the
simple model would have to consider details of theantenna structure, and allow for thermal
lag relative to the ambient temperature (¢ g., McGinnis, 1977, Nothnagel, Pilhatsch and

Haas, 1995).

7. Antenna subreflector focusing

Gravity loading changes an antenna’sfocallength. Because the component of the gravity
load along the antenna’s primary axis of symmetry is proportional to sin 2 (# = elevation an-
gle), the changes in focal length also have sinusoidal clevation dependence. In Cassegrainian
antennas the subreflector may be moved ( “autofocused” ) to compensate for gravity defor-
mations and thereby maintain focus. However, this procedure does not maintain a constant
signal path length through the antenna optics and thus introduces systematic errors in the
antenna position derived from the mecasuremnents. This than.gc in path must be modeled
for such experiments, notably the Time and Jiarth Motion Precision observation (TEMPO)
project (Steppe et al., 1994 ). For example, the Deep Space Network antennasused in
TEMPO measurements arc designedto be in focus with no subreflector compensation at
I = 45°, Yor the DSN 70-111 and 34-mhigh efficiency antennas these additional delays are

empirically determined to be, in mm (Jacobs and Rius, 1989,1990):

7e,(70-m) = 77sin 1y - 54 (2.2]11)

7s-(34-m) = 13.5sin /¥ -9.8 (2,212)

where the (:oeﬂicicnts/ known to within approximately 5%. 7This functional form clearly
exhibits the relationship between subreflector motion and other model parameters. The
clevation-dependent term biases the station vertical coordinate, while the constant term is

equivalent to the clock oflsct.
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Il. cLock MODEL

The frequency standards ('(clocks” ) at cachof the two antennas arc normally independent
of cach other, Attempts are made to synchronize them before an experiment by conventional
synchronization techniques , but these techniques are accurate! to only a few’ psill epoch and
/ 10-]2 in rate, Morcimportantly, clocks often exhibit “jumps” and instabilities at a level
that would greatly degrade interferometer accuracy if not modeled. Mo account for these
clock effects, anadditional “delay” 7. is included in the model delay, a delay that models the
behavior of astation clock as a piccewise quadratic function of time throughout anobserving
scssion. Usually, however, only the lincar portion of thisnodel is needed. I'or cach station

this clock model is given by:

Te = Ter 4 Tea(l = treg) 4 Tea(t = Lreg)?/2 (3.1)

The reference time, i, 5, 1nay be set by the user, or by default it is taken as the midpoint of
the interval over which the a priori clock parameters, 7.y, T., 73, appl y.

In addition to the effects of the lack of synchronization of clocks between stations, three
arc other differential instrumental effccts which inay contribute to the observed delay. In
general, it is adequate to model these effects as if they were *(clock-like”. Note that the
instrumental effects ondelays incasured using the multifrequency bandwidth synthesis tech -
nique (Thomas, 1981 ) may be different from the instrumental effects on delays obtained

from phase measurements a a single frequency. This is because the bandwidth synthesis

Ad

process obtains group delay from the slope of phase versus frequency (7 = E)Z) across mul-
v

tiple frequency segmentsspanning the recciver passband. ‘1'bus, any frequency-indep endent

instrumental contribution to the measured interferometer phase has no effect on the delay

determined by the bandwidth synthesis technique. However, if tile delay is obtained directly

: ¢
from the phase measurement, ¢, at a given frequency, v, then the phase delay e = )
does have that instrumental contribution.

Because of this difference, it is necessary to augment the ‘(clock” model for phase delay

measurements:
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Tc},d = Te '{ Tcd(i-ir(f) . Tcs(t-trc f)z/2 (32)

where 7.1s the clock model for bandwidth synthesis observations and is defined inFq. (2.67).
Since the present system measures both bandwidth synthesis delay and phase delay rate, all
of the clock parameters described above nist be used. However,in a *(perfectly” calibrated
imterferometer, 7.4 = 7.5 = 0. This particular model implementation allows simultancous
usc of delay rate data derived from phase delay, with group delay data derived by means of
the bandwidth synthesis technique.

An options] refinement of the clock inodel is also available. For dual-frequency (S/X)
delays, an additional clock offset may be estimated. It originates fromn the differential in-
strumental delay and fringe fitting delays for S- ant] X-band data, which may be sizeable.
Ior dual-frequency observables, the clock model depends on this differential instrumental

delay and on the frequencies ws, wy inthe individual bands as
2 g0 2 2
Teo W /(W -~ wg) (3.3)

The differential instrumental delay 7.6 is normally highly correlated with the usual clock
offset 7.4, but under some circumstances may convey additional information.
Tomodel the interferometer delay on a given baseline, a diflerence of station clock terms

is formed:

TC = TC, tatr on 2 i Tca tatsonl (3-4)

Specification of a reference clock is unnccessary until the parameter adjustiment step, and

need not concern us in the description of the modecl.

IV. ATMOSPHERIC DELAY

Prior to its arrival at each antennainFarth-based experiments, the radio wave front
must pass through the atmosphere. Thissection is concerned with modeling the additional

delay due to the atmosphere, It is conveniently divided into two parts: contributions {rom
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charged particles in the upper atmosphere (jonosphere), and neutral molecules inthe lower

atmosphere (troposphere).

A. lonosphere

T'he uppermost component of the Karth’s atmosphere, the lonosphere, is a layer of plasina
at about 350 km altitude, created primarily by the ultraviolet portion of the sunlight and

the solar wind. in the quasi-longitudinal approximation (Spitzer, 1 962) the refractive index

of this medium is
_ [yl ()2 Yy —h1/2
n = [] (1/) (1 4 , cosG)) ] (4.1
where the plasma frequency, v,, is
( 2\ 3,1/2
vy, = (pc 70/7z> ~ 8.97 x 107p (4.2)

the electron gyrofrequency, vy, is

B
vy = om (4.3)

2rme

and O is theangle between the magnctic field I3 and the direction of propagation of the
wave front. Here p is the number density of the electrons, ¢ and m are the electron charge
and mass, 7o is the classica electron radius, and cisthespeed of light.

Tables V and VI give the plasma frequency, v,, and gyrofrequency, v,, for the three
regimes of a radio signal’s ray path: larth,interplanctary, andinterstellar space. Given the
S-band (v.s= 2.3 GHz) and X-band (vx = 8.4 Gllz){requencies typically used for geodetic
and astrometric V],]]], the importance of correcting for plasma and gyrofrequency canbe
parameterized by the ratios of v, andv, to ¥sand to vx respectively.

Relative to vacuum as a reference, the phase delay of a monochromatic signal traversing
this medium of refractive indexn is

] //'2 ,211/13

Tpd = ];/(n CNdl - / ('»Vl) 14 %(':—f) 4 §(’,}£> 4l (4.4)
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o SARIIE (I:,q) cd)]-]” (4.5)
For 8.4 Gllz, we may approximate this cflect to parts in10% - 10'by :
- i ool L PR
Apg = ;/Qq [] 4 (1;') cos (-)} ~ ;g [] (_;Vg) coS (‘)} (4.6)
where
= o / pdl = C;(;]‘ 4.7)

and where I, is the total number of electrons per unit area along the integrated line of sight.
The bar symbolizes a geometrical average. If we also neglect the term (v, cos ©)/v, then the

expression for Apg becomes simple and independent of the geometry of thetraversal of the

wave front through the ionosphere:
Apg= -- q/l/2 (4.8)

This delay is negative. ‘1'bus, a phase advance actualy occurs for a monochromatic signal.
Since phase delay is obtained at a single frequency, observables derived from phase delay
(c.g., phase dclay rates) experience anincrement which is negative (the observable with the
medium present is smaller than it would be without the medium). In contrast, group delays
measured by a technique such as bandwidth synthesis (7g4 = %)cxpericncc an additive
delay which can be derived fromFq. (4.8) by diflerentiating ¢ =vA,q with respect to

frequency:
Ngd = qfv? 4.9

Notice that the sign is now positive, though the group delay is of the same magnitude as
the phase delay advance. For group delay icasurements, the incasured delay is larger with
the medium present than without the medium.

For a typical ionosphere, 7~ 0.1 to 2 nsat local zenith for v =8.4 GHz. This effect

has a maximum at approximately 1400 hours local time and a broad minimum during local
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night. For long basclines, the eflects at cach station are quite different. Thus, the differential
cflect may be of the same order as the maximum.

For the interplanetary medium and at anobserving frequency of 8.4 GHz, asingle ray
path experiences a delay of approximately 6 x 10-7 s in traversing the Solar System. However,
the diflerential delay betweenthe ray paths to the two stations on the Earth is considerably
smaller, since the gradient between the two ray paths should also be inversely proportional
to the dimensions of the plasma region (i. e., onec astronomical unit as opposed to a few
thousand kilor neters). The ray pathfrom a source at adistance of 1 megaparsec (3 x 10’
kin) expericnces an integrated plasma delay of approximately 5000 seconds for a {requency
of 84 GHz.In this case, however, the typical dimension is also that much greater, and so
the diflerential effect on two ray paths separated by one Farth radius is stillnot as great as

the differential delays caused by the Farth’sionosphere.

1. Dual-frequency calibration

These plasma effects can best be reinoved by the technique of observing the sources at
two frequencics,  and ¥2, where 12 >> v, and where |v2 - 1 |/(v2 -t ;)= 1. Then at

the two frequencies v; and 72 we obtain

T T g/} (4.10)
and

R (a)

Multiplying each expression by the square of the frequency involved and subtracting, we

obtain
T:a T2 A b7, (4.12)

where

83




a= 1/3’/ ( 1/22 - 1/12) (4.13)

and

b wf () - ¥) (4.14)

This lincar combination of the observables at two frequencies thus removes the charged
particle contribution to the delay.
For uncorrelated errors in the frequency windows, the overall error in the derived delay

can be modeled as

o’ = (‘2(’3.,2 + 1’202,,1 (4.15)

Modeling of other error types is more diflicult and will not be treated here. Since the values
of aand b are independent of ¢, these same cocflicients apply both to group delay and to

phase delay.

If we had not neglected the effect of the electron gyrofrequency in the ionosphere, then

instead of 1iq. (4.1 2) above, we would have obtained

T = atyy 4 b1 4 q vy cos Of v (vy — 1)) (4.16)

where «¢andb are defined as in Fgs. (4.1 3) and (4.1 4 ), respectively.
If we express the third term ontheright-hand side in units of the contribution of the

ionosphere at frequency V2, we obtain
T = atyg 4 br,y A Bpal2 vy cos O [vy (V2 1)) 4.17)

For X band A,a~ 0.1 to 2 ns at the zenith. Whenusing S baud as the other frequency in
the pair, this third termis~ 2 x107*A ;c0s© =~ 0.2t0 4 ps a zenith. in the worst case of
high ionospheric electron content, andatlow elevation angles, this effect could reach 1 mm
of total error indetermining the total delay using the simple formula of Fq. (4.1 2) above.

Notice that the effect becomes imuchmore significant, at lower frequencies.
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2. Total electron content

Inthe absence of the dual-frequency observation capability described above, one can
mmprove the mode] of the interferometer by modeling the ionosphere, using whatever meca-
surements of the total clectron content are avail able. The model we have chosen to implement
is very simple. Itsformalisin is similar to that of the troposphere mmodel, except that, the
ionosphere is modeled as a spherical shell for which the bottomn is at the height £, above the
geodetic surface of theFarth,andthetop of theshell is at the height Az above that same

surface (seclig. 7). For cach station the ionospheric delay is modeled as

7 = kgl S(I9)/v* (4.18)
where
0.1cr
poe e (4.19)
2r

I. is the total electron content at zenith (in electrons per meter squared x 10-17), and
g=1(=1) for group (phase) delay. I~ is the apparent geodetic elevation angle of the source,
S(1v) is aslant range factor discussed below,and v isthe observing frequency in gigahertz.

The slant range factor (sceFig. 7) is

B2 SIEA2Rh A B - B2 sin® 14 2Rhy A 13

]1'2_— ,1,1

S(I) (4.20)

This expression is strictly correct for aspherical llarth of radius /,anda source atappar-
ent elevation angle F. The model eimnployed uses this expression, with the local radius of
curvature of the geoid surface at the receiving station /¢ taken to be equal to the distance
from the station to the center of the Farth. Themodel also assumes this samne value of R

can be used at the ionospheric penetration points, ¢.g.:
Ri-nr 4 Iy (4.21)

This is not strictly true, but is a very close approximation, particularly compared to the
crude nature of the total electron content determinations on which the model also depends.

The total ionospheric contribution 011 a given baseline is




- . 1
T] - T‘i,mnon 2 T’s_ta!lon 1 (42 2)

W c assume that the ionospheric total electron content, /., is thesum of two parts, one
obtained by sonic external set of measurements such as Faraday rotation or GPS techniques,

and theother by some specified additive constant:
Ie = 1¢ peas ]c add (123)

These external measurements, in general, are not along directions in theionosphere coin-
cident with the ray paths to the interferometer. ‘1'bus, for each antenna, it is necessary to
map a measurement inade along one ray path to the ray paths used by the interferometer.
Many diflerent techniques to do this mapping have been suggested and tried; all of them
arc of dubious accuracy. In the light of these problems, and in the anticipation that dual-
frequency observations will be employed for the most accurate interferometric work, we have
implemented only asimple hour-angle mapping of the time history of the measurements of
/. at a given latitude and longitude to the point of interest. in this model we alow the user

to adjust the “height”, h, of theionosphere, but require

h, = 11- 35km

hoy=h 170 km (4.24)

Nominally, this “lLeight” is taken to be 350 km. Setting this height to zero causes tile al-
gorithintoignore the ionosphere model, as is required if dual-frequency observations have
already been used to remove the plasmaeflects. As in the troposphere model, these correc-
tions can also be incorporated as calibrationsinto the input data stream. Thenthe user is
frecto accept the passed correction, anduse thismodel asa sinall ateration of the previously
invoked model, or to remove the passed corrections.

The deficiencies of these ionosphere models for sillgle-frequency observations are com-
pounded by thelens effect of the solar plasma. in effect, the Solar System is a spherical

plasina lens which will cause the apparent positions of the radio sources to be shifted from
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their actual positions by an amount which depends on the solar weather and on the Sun -
|~,artl]-source angle. Since both the solar weather and the Sun-Earth-source angle change
throughout the year, very accuratesingle-frequency observations over thetime scale of a

year arc virtually impossible unless simultancous auxiliary experiments are performed.

B. Troposphere

Permanent and induced dipole moments of the molecular species present in the atimo-
sphere modify its index of refraction and thus delay the passage of radiation atmicrowave
{requencies. The neutral atinosphiere is composed of two major constituents, customarily
called “dry” and “wet”. The dry portion, primarily oxygen and nitrogen, is very nearly in
hydrostatic equilibrium, and its effects can be quite accurately estimated simply by mea-
suring the barometric pressure at the surface. Typically, at sca level inthe local zenith
direction, the additional delay that theincoming signal experiences due to the troposphere
is approximately 6 nanoscconds or 2 meters. Ixcept for winds aloft, unusually stronglee
wave.s behind mountains (eg., Owens Valley, California), or very high pressure gradients,
anazimuthally syinmetric mmodel based 011 imcasurements of surface barometric pressure is
considered adequate. The limits of validity of azimuthal symietry arc starting to bein-
vestigated (MacMillan, 1995). Rough esti mates in the past have indicated that, except in
the unusual cases mentioned above, the error insuch an assumption causes sub-centimeter
errors in the baseline.

Unfortunately, the wet component of the atinosphere (both water vapor and condensed
water inthe form of clouds) is not so casily modeled. The experimental evidence (Resch,
1984) is that it is “clumpy”, and not azimuthally syinmetric about the local vertica at alevel
which can cause many centimeters of error in a baseline measurement. Furthermore, because
of incomplete mixing, surface mecasurements are inadequate in estimating this contribution
which even at zenith can reach 20 or 30 cm. Ideally, thi S portion Of the tropospheric d elay

should be determined experimentally at each site at the time of the VI.BI measurements.
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1'his is particularly true for short and intermediate (B <1 000 km) baselines, where the
clevation angles of the two antennasare highly correlated during the observations. Onlonger
baselines, both the independence of the clevation angles at the two antennas, and the fact
that often the mutual visibility requirements of VI.BIconstrain the antennas to ook only in
linited azimuthal sectors, alow the use of the interferometer data themselves to quantify the
effect of the water vapor as part of the parameter intimation p rocess. Recent water vapor
radiometer (WVR) measurements along the lines of sight of VI.Blobservations (Teitelbaum
ctal., 1 995) yield wel troposphere delays that agree with VI.Blparameter estimates on the
level of a few mmm, and give a threefold reduction inresiduals. Similar results have been
obtained occasionally during the past two decades (Flgeredetal., 1991); it is hoped that
recent advances in WVR technology will permit routine calibration of VLBImeasurements
inthe near future. Because state-of-the-art WV R measurements arc not presently routinely
available, VI.BI processing software should at the minimum have the capability to model the
neutral atmosphere at cachstation as a two-component effect, with each component being
anazimuthally symnmetric function of the local geodetic elevation angle.

At each station the delay experienced by the incoming signal clue to the troposphere
can most simply be modeled using a spherical-shell troposphiere consisting of wet and dry

components:
Ttrop station | = Tyt trop | " Tdry trop i (4.25)
The total troposphere dclay model for a given baseline is then:
Tt = Tirop station 2 = Ttrop station 1 (4-26)

If I; is tile apparent geodctic clevation angle of the observed source at station ¢, we have

(dropping the subscript ¢):
Ttrop = ﬂZd,y]{/dry(l'/‘) - pZuwu]{'urct(]"v) (427)

where py is the additional delay at local zenith due to the presence of the troposphere, and

Iz isthe so-called “mapping function”.
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For some geodetic experiments, the observed delay canbe accurately calibrated for the
total tropospheric delaysatthetwo stations, which arc inturn calculated onthe basis of
surface pressure measurements for the dry component,and water-vapor radiometer (WVR)
measurements for the wet component. At a fixed location, the dry zenithdelay (in) is related

tothe surface pressure p(inbar) as
P74, = 2.2768 x 10-3p/(1 - 0.00266 cos 2¢ ~ 0.00028%) (4.28)

where the factor in the denominator corrects for a non-spherical Farth (Saast ainoinen,1972),
¢ is the station geodetic latitude [scelq. (2.68)], and % is the station altitude (kmn).The
wet zenith delay py,., can be inferred from WVR measurements performed in the vicinity
of the VI.BI stations at the tiine of the experinent. These corrections are recorded in the
input data stream to the modeling software insuch a way that they can be removed and
replaced by amnalternatenodel if desired, Inthe absence of such external calibrations, it was
found that modeling the zenith delay as a lincar function of time can improve troposphere

modeling considerably. The dry ancl wet zenith parameters are written as

Pla = P5yy F P74, (1 to) (4.29)

where o is a reference time. The time rates of change, PZ4.» ay then be estimated from
fitting the data.

Another way of introducing realistic variations of tile troposphere with both time and
geometry is through the ‘(frozen flow” turbulent troposphere model of Treuhaft and Lanyi
(1987). 'Thismodel provides estimates of correlations of thetropospheric delays observed
in different parts of the sky at different times. The resulting correlation matrix among
the observations can then beincluded inthe least-squares parameter estimation procedure.
Additional parameters which characterize the strength, extent, and direction of the turbulent
flow are required to implement the Treuhaft-Lanyi model. These are just recently starting

to be quantified, for example by Naudet (1 995).

89



1. Mapping functions

The earliest and simplest mapping function used for VI.Blmodeling is that obtained
by C. C. Chao (1 974) via analytic fits to ray tracing, a function which he claimed to be
accurale to the level of 1% at 6° clevation angle and to become much more accurate at

higher clevation angles.

1
Rirggoet = = =wn = = e (4.30)

. , Adry,urct
sin o - ~—- —— “—  -—

tan I/ +4 ]}dry‘u:ct

where

Adrywer= (0.00143, 0.00035) (4.31)

]}dryywet = (00445,0017) (432)

Marini (1 972) introduced a mapping function that takes the form of a continued fraction,

Rew (4.33)

a
sinfy 4 —— — -—— —--

b
sindy + — i
sul ¢

As more accurate measurementsinthe 1 %S0s demanded more accurate troposphere model-
ing, numerous improved mapping functions were developed. Many of these have inathemat-
ical forms that are variants of Marini’s continued fraction, and contain constants derived
from analytic fits to ray-tracing results either for standard atimospheres or for observed at-
mospheric profiles based on radiosonde mecasurements. The functions of Davis et al. (1985)
(CfA), Hadis (1986), Herring (1992) (MT171'), and Niell (1995) (NMVF) fall into this category.
Some of them contain parameters that are to be determined from surface meteorological

measurements. The Ifadis and NMI' functions attempt to represent weather variations an

alytically as a function of time of yecar and location, and contain no adjustable parameters.

Another tropospheric mapping function, due to Lanyi (1984) is unique in that it does not
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fully separate tile dry and wet components and thus gives amore faithful representation
of the physical effects. 1t also contains the most complete set of atmospheric parameters,
and we will present some details for this representative of such a class of functions. Severa
reviews have recently evaluated the multitude of tropospheric mapping functions that arc
now available: Gallini (1994), Mendes and Langley (1 994), and Iistefan and Sovers (1994).

Motivation for and full details of the development of a new tropospheric mapping function
Were given by Lanyi (1 984). It is based on an ideal model atmosphere whose temperature is
constant from the surface to the top of theinversion layer 2y, then decrecases lincarly with
height at a rate W (lapse rate) from there to the tropopause height iz, and is constant again
above h2.1lere we give only a brief sumimary of the functional form. The t10opospheric delay

is written as:
Tirop =1°(12)/ sin 12 (4.39)
where

F(1) = pag Fary(17) + pzewe(17)

V(0G40 101(5) + 2024, P70 Foa(12) 4 Y, Fos(E)]/ A A pSZd'y]'),4(]‘3)/A2 (4.35)
The quantities Pz, and pyz,,, have thec usual neaning: zenith dry andwet tropospheric
delays. A is the atmospheric scale height, A =k75/mg. , k = Boltzmann’s constant, Ty =
average surface temperature, m = mcanmolecular mass of dry air, and g. = gravitational
acccleration at the center of gravity of theair column, With the standard valuesk =-
1 .3806(ix10-]6 erg/K,m= 4.8097x10- **g, g.= 978.37 cin/s* and the average temperature
for DSN stations 7o = 292 K, the scale height A = 8567 m. The dry, wet, and bendiug
contributions to the delay, Fiy (17), (1)), and Iy p2,364(10), are expressed in terms of
moments of the refractivity. The latter arc evaluated for the ideal inodel atinosphere and
thus give the dependence of the tropospheric delay on the four model parameters 7o, W,
1y, and k2. Note that Lanyi’s formulation [Iq. (4.35)] differs from the simple model [Fq.
(4.27)] inthepresence of the “bending” terms Fyy_4. These account for the influence of the

dry and wet constituents in bending the incoming ray path.
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Four meteorological parameters may override the default (global average) values of the
Lanyimodel. These are: 1) the surface temperature 7, which determines the atmosphere
scale height; 2) the temperature lapse rate W, which determines the dry model paramecter
a; 3) the inversion altitude h1, which determines gy; and 4) the tropopause altitude ha,
which determines ¢2. A fifth parameter, the surface pressure pg, may be used to calibrate
the dry zenith delay via Iq. (4.28). Table V11suminarizes the four parameters and derived
quantities, and their default values. Approximate sensitivitics of the tropospheric delay to
the meteorological paramecters arc given inthe last column. These values arc calculated at

6° elevation, which is the approximate linit of validity of the Lanyi model. At this elevation,

theray path traverse.sapproxilnatcly 10 zenith atmospheres,

2. Antenna axis offset altitude correction

Antennas with non-zero axis offsets, whosesccond rotation axis (A in Fig.6)moves
vertically with changing orientation, have zenith troposphere delays that may vary by 1 to
2 mmover the range of available orientations. lquatorial and X-Y mounts fall inthis class.
At low eclevationangles this zenith variation is magnified by the mapping function to 1-2
cm. These variations must be modeled in experiments whose accuracies arc at the millimeter
level(e.g., short-baseline phase delay mcasurcinents). Reports by Jacobs (1 988,1991) derive
the corrections based on considering only the dry troposphere component, and include all
terms necessary to achieve an accuracy of a few millimeters at the lowest elevations. The

correction to be added to the zenith dry tropospheric delay is
61 = = pzg, (H/A) (4 (4.36)

where /1 is the antenna axis offset, A the dry troposphere scale height (=~8.6 kin), and ¢

is an angular factor that varies with the type of mount. For equatorial mounts,

= cos¢ Cos h (:1.37)
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where ¢ is the geodetic latitude and i the local hour angle east of the meridian. The
Richmond antenna correction has this form with ¢ replaced by ¢w and h by a pscudo-hour

angle hy (sce Section 11.G.3), where
hp = arctan ((‘()S I'sin(0 - <) /[cos ¢y sin 19 -- sin ¢y cos I cos(0 - ()]) (4.38)
For north-south oriented X-Y mounts,
Y =sinl’/(1 -- cosOCOS211)’/2 (4.39)

where 14 is the clevation angle and 6 the azimuth (1 of N). Finally, for cast-west oriented

X-Y mounts,

P = sin /(1 - sin? 0 cos? I)}/? (4.40)

V. PHASE DELAY RATE (FRINGE FREQUENCY)

The interferometer is capable of producing four data types: group delay, phase delay,
and their time rates of change. The time rate of change of group delay can not be measured
accurately enough to be uscful for geodetic or astrometric purposes. All the models discussed
above are dircctly applicable cither to group delay or to phase delay. However, the model
for the time rate of change of phase delay (fringe frequency) mnust be either constructed
separately, or its cquivalent information content obtained by forming the time difference of
two phase delay values constructed fromthe delay-rate measurements as shown below. The
latter route is takenin the JP']. software, since thenonly models of delay are needed. The
two phase delay values, 7,q4(t4 A)usedtorepresent the c]clay-rate measurement information

content are obtained from the expression
Tpa(t 4 A) = 7, (14 A) 4 (1) 4 7 A (5.1)

where 7, (1) is the model used in the delay extraction processing step, 7, (1) is the residual

of the observations from that model, and 7, is the residual delay rate of the data relative
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to that model. This modeling for the delay extraction step is described by Thomas (1 981),
and is doncin analysis steps prior to and completely separate from the modeling described
inthe present paper. The output of these preceding steps is such that the details of all
processing prior to the modeling described hiere are transparent to this step. Only total
interferometer delays and differenced total interferometer phase delays (these phase delays
arc divided by the timeinterval of the difference) serve as input to the final inodeling  step.
One of therequirements of these previous processing steps isthat the model delay used
be accurate enough to provide a residual phase that is a linear function of tiine over the
observation interval required to obtainthe delay information. A lincar fit to this residual
phase yields the value of 7,, the residual delay rate. Using these two values of Tpd; obtained
from Kq. (5.1) above, the phase delay rate 7,4(1) is approximated as a finite difference, R,

by the following algorithm:
1= [rpa(t o A) - 1t - A)/(28) (5.2)

This value and the group delay measurcmnent, 744, are the two data types that normally
serve as the interferometer data input to be explained by the model described in this report.
The software, however, aJso has the option to model phase delay, 7pds directly. Inthelimit
A - 5 O, this expression for diffcrenced phase delay approaches the instantancous time rate
of change of phase delay (fringe frequency) at time ¢. In practice, A must be large enough to
avoid roundofl errors that arise fror n taki ng small differences of large nuimmbers, but stiould
also be small enough to alow K to be a reasonably close approximation to the instantaneous
delay rate. A suitable compromise appearsto be a A inthe vicinity of 1 second. Fortunately,
the capability to modelinterferometer perforinance accurately is relatively insensitive to the
choice of A over a fairly wide range of values. ‘1’0 bespecific, if Tpa(t) is expanded to third

order in A, thenumerically evaluated rate becomes
R= da(t) 4 #alt) A?/6 (5.3)

Thus the error made in approximating the time derivative as /¢ is proportional to Fpa?.

This term amounts to a few times 10!° s/s for a 10,000 kin baseline and A = 2 scc.
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VI. PHYSICAL CONSTANTS

Most of the recent implementations of VI.Blmodels in software try to adhere to recom-
mendations of the IERS Standards (1 992), and the associated values of physical constants.

Those which affect the results of VLBImodcling implementations are given below:

Symbol Value Quantity
c 299792.458 Velocity of light (kin/s)
g 2.817938 X 10"  Classical radius of the electron (meters)
Ry 6378.140 I’equatorial radius of the Farth (ki)

wy  7.2921151467 x 10°Rotation rate of the Farth (rad/s)

S 298.257 Flattening factor of the geoid

Dy 0.609 Vertical quadrupole Love nummber

[y 0.0852 Horizontal guadrupole Love number

ha 0.292 Vertical octupole L.ove number

I3 0.01.51 Horizontal octupole Love number

g 980.665 Surface acceleration due to gravity (cin/s?)
PPN | Parametrized post-Newtonian gamma factor

Another group of constants is associated with the planctary ephemeris. These constants

include all planctary masses; those most inportant in VLBI iodeling are:

AU  1.495978707 x 10°Astronomicalunit (ki)
GMs  1.32712440 x 10" Mass of Sun (kin®/s?)
GMy 39s600.4356 Mass of Farth (kin®/s?)

My [ M 81.300585 Farth/Moon mass ratio

where the numerical values arc taken from the most recent JP1, Solar Systern ephemeris,

D403 (Standish and Newhall, 1995).
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Vil. FUTURE MODEL IMPROVEMENTS

The model of VLBI observable which was developed in Sections I1-V has, with some
variations, been used by a number of rescarch groups to analyze geodetic and astrometric
experiments during the past two decades (Kondo et al., 1992; Ma et al., 1992; NIEOS, 1994,
Soversctal., 1 993). Such analyses have presently reached anapproximate accuracy level of
1 cm on intercontinental baselines (1 ppb).Data analysis has provided continuous feedback
by characterizing previously unknownand unquantified aspects of the model (eg., nutation,
tidal variations, troposphere.) We expect such interplay to continue in the future as both
experimental and theoretical techniques are refined. This section gives brief summarics of
areas which will require close attention inthe future if the current V1, Bl modelis to be
improved to achieve and surpass true part-per-billion accuracy. Some of these refinements

arc already being incorporated in modecling software packages.

A. Relativity

Sccond-order general relativistic effects have not been carefully investigated, and could
potentially contribute at the picosecondlevel.

Variations of the Ilarth’s gravitational potential mustbe taken into account in defining
proper lengths. This correction is estimated by Thomas (1991) to amount to 2 mm for a
10,000 km baseline. Similarly, variationsinthe gravitational potential at thestation clocks
arc only approximately accounted for by means of lq. (2,34).

IHirayama et al. (1 987) and Fairhead and Bretagnon (1990) have extended the work of
Moyer (1981) on the “time ephemeris”. Higher-order special relativistic terms are found to

contribute to 7'DB —1T'DT" at the us level.
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B. Effects of the Galaxy

Galactic effects may soon emerge above the detection threshold. The rotational motion
of the structure as a whole aflects all observations, and was estimated at 15 prad/yr. It will

need to be taken into account for observations spanning more than two decades.

C. Earth tidal models

Direct contributions of the planets to solid Farth tidal displacements can rcach the
millimeter level, and may need to be included.

In addition to the eight frequencics considered in the model described in Sectionll.F.1.a,
short- period variations of UTPM may have other components significant at the mm level
that will emerge as data analyses are refined.

Finpirical estimates of ocean loading amplitudes for several 1RIS stations (Sovers, 1994)
indicate that the best theoretically derived amplitudes might bein error by several mm.
Future refinements in data analyses, and improved global ocean models from the recent
TOPEX/Poscidon mission (I,c Provostetal., 1 995) are expected to improve the accuracy
of the oceanloading model to the mmn level,

Resonance with the Ilarth’s free core nutation may modify some of the amplitude cor-
reclions at nearly diurnal frequencies by ~1mm.

Occan tides cause motion of the center of mass of the solid Farth due to motion of
the center of mass of the oceans (131 osche and Wiinsch, 1 993).  The amplitude of this
displacement can be as large as 1 cimat the usua diurnal and semidiurnal tidal frequencies.
Its effect on VLLBI observations must be assessed.

The retarded tidal potential effect mentioned inSection11.C.2.a can be as large as several

tenths of mm. ‘1T'bus, for correct mmodeling at the mm level, the light travel time should be

accounted for,
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D. Source structure

Fstimates of parameters for simplified structural odels might provide improved data

analyses via “poor man’s mapping”.

E. Earth orientation models

1 'here are short-period deficiencies in the present 1AU models for the orientation of the
Farth in space that may be as large as 1 to 2 nilliarcseconds, and longer-term dcficiencics
on the order of 1 milliarcsecond per year (3 cm at one Farth radius). VLIBI mecasurements
made during the past decade indicate theneed for revisions of this order of the annual
nutation terms and the precession constant [lubanksetal. (1 985), Herring et al. (1986)).
The 1 8.6-year components of the IAU nutation series are also in error, and present data spans
arc just approaching durations long enough to separate them from precession. Options to
improve the nutation model were discussed inSection 11 .}.2.a. Any of these constitute a
provisionally improved model, especially for the annual and semiannual nutations, until the
IAUserics is officialy revised.

Future refinements of the equation of equinoxes [q. (2.1 04)] will probably leadto changes

on the order of tens of s in the hour angle.

F. Antenna deformation

Gravity loading may cause variationsin the position of the reference point of a large
antenna that are as large as lcminthe local vertical direction. Liewer (1 986) presents
evidence that this causes systematic errors and that their dependence on antenna orientation

and temperature may be modeled.
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G. Antenna alignment

The geometric structure of cach antenna, as well as its alignment with respect to local
site feat ures, Should be carefully checked against design specifications. IFor example, hour
angle misalignment on the order of 1 arc minute can cause 1 mm delay effects for DSN

I A-Decantennas with 7-m axis offsets.

H. lonosphere

The limits of validity of the dual-frequency calibration procedure need to be carcfully
cstablished, in conjunction with consideration of plasma effects for ray pathsnear the Sun.

In addition, corrections for the gyrofrequency eflect inay reach millimeter order.

1. Troposphere

New techniques for characterizing the atmosphere arc expected to allow more realistic
modcling of the tropospheric delay than the simple spllcrical-shell model underlying all the
results of Section IV.}]. When comprehensive atinospheric data from a region surrounding
cach obscrving site are avail able, present computer speeds permit estimating the tropo-
spheric delay by means of a complete ray-tracing solution for every observation. Meanwhile,
improvements in tropospheric mapping should be sought by modeling variations of thetem-
perature profile as a function of season, latitude, altitude, and diurnal cycle. Fflorts arc
also under way (e.g., MacMillan,1995) to model azimuthal gradients in the troposphere.
Persistent equator-to-pole gradients in pressure, temperature, and tropopause height sug-
gest that a priorimodeling of north-soul,]] gradients may be beneficial. ISast-west gradients,
which are probably dominated by weathersysteins passing over a site, are likely 1o be more

difficult to model without extensive weather data
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J. Thermal effects

Thermal expansion of the portion of an antenna above the reference point will induce
delay signatures that arc ~9 ps (3 mn) peak-to-peak for a typical 34-m dish. 1t is thus

imperative to model this effect for achievemnent of the highest accuracy.

K. Phase delay rate

Rather than modeling the delay rates as finite diflerences of model delays, direct analytic
expressions for derivatives of delays could beimplemented. This would eliminate questions
concerning the choice of the time difference A discussed inSection V. Care must be exercised,

however, to ensure consistency between definitions of modeled and observed delay rates.
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FIGURES

¥IG. 1. Schematic VLBI experiment.

FIG . 2. Geometry for calculating the transit time of a plane wave front.

I'1G. 3. Geometry for talc.ulatillg the transit time of a curved wave front.

FIG 4. schematic representation of the geodesic conuecting two pointsin the presence of a grav-

itational mass.

}1G. 5. Schematic representation of the motion of a gravitating object during the transit time of

a signal from the point of closest approach to reception by an antenna.

FIG.6. Generalized schematic representation of the geometry of a steerable antenna..

FIG.7.Geometry of the spherical ionospheric shell used for ionospheric corrections.
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TABLIES
TABLY, 1. Tectonic Plate Rotation Velocities: NNR-NuvellA Model

(Units are nanoradians/year).

Plate Wy Wy W,

Africa (0.891 -3.099 77,&.9'2;2
Antarctica - 0.821 --1.701 3.706
Arabia 6.685 -0.521 6.760
Australia 7.839 5.124 6.282
Caribbean -0.17'8 --3.385 1581
cocos --10.425 -21.605 10.925
Furasia - 0.981 -2.395 3.153
India 6.670 0.040 6.790
Juan deluca 5.200 8.610 -5.820
Nazca -1.532 —-8.577 9.609
North America 0.258 ++-3.599 - 0.153
Pacific -1,510 4.840 -9.970
Philippine 10.090 -7.160 --9.670
Rivera -9.390 -30.960 12.050
Scotia -0.410 --2.660 -1.270

South America -1.038 --1.515 -0.870
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TABLY 11. Frequency Dependent Solid Farth Tide Parameters.

Component (k) hk Hi (mm)
; (166<5,54) (.937 3
(165565) 0.514 50

K1 (165555) 0.520 369
(165545) 0.526 7

1, (163555) 0.581 122
0, (1.45555) 0.603 262
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TABLE 111 Lunar Node Companions to Ocean ‘1’ides.

i Mki Tkt Relative
CO_]I’l})OI](‘Ilt Companion Amplitude
Ky (275555) -1 0.0128

+1 4-0.2980

42 4 0.0324

S, (273555) -1 4 0.0022
M, (255555) -2 +0.0005
-1 -0.0373

N, (245655) -1 -0.0373
K, (165555) -1 --0.0198
11 +0.1356

12 —0.0029

’ (163555) -1 -0.0112
0, (145555) -2 -0.0058
-1 +0.1885

()1 (135655) -2 -40.0057
-1 +40.1884

M (075555) +1 +0.4143
42 -10.0387

M,,, (065455) -1 —0.0657
11 --0.0649

Seq (057555) 11 —0.0247




TABLY, 1V. Ocean Tidally Induced Periodic Variations

in Polar Motion (JP1.92 Model).

Index  Tide, period Argument coceflicient Aj Ba A By Al DB
i (hours) ky  kiz ks ki ks n, (pras) (0.1/1.s)
I Ky 11967 o o 0 0 o -2 -2 65 44  -57 9 26
2 S, 12000 0 0 2 -2 2 -2 101 166 126 -89 -4 52
3 M, 12421 0 0 2 0 2 -2 26 283 247 -2 -104 149
4 N, 12658 ! 0 2 0 ‘2 -2 15 56 19 -1 -23 20
5 K, 23934 0 0 0 0 0 1 -583 2780 -2950 376 35 151
6 P, 24.066 0 0 2 -2 2 -1 154 46 42  -17 -32 -64
7 Oy 25819 0 0 2 0 2 - 242 -152 2 30 -135 -166
8 Q) 26.868 l 0 2 0 2 -1 72 -32 26 -40 -53
TABLE V. Plasma Fffects. _
Plasma ple/m?) vy (kHz) (1/p/175) (v,/vx)
Iarth’s ionosphere 1012 £900 4 x 10-"° 107%
Interplanetary 107 — 108 28-89 4X 105 .
Interstellar 105 3 1.2X 107° 3X1 O-7
TABLYE V1. Electron Gyrofrequency Effects.
Magnetic field I (gauss) v, (kHz) (ve/us) (vg/vx)
}*)arL}T__ 0.2 600 3x 1074 7.5x 1073
Interplanctary 104 0.3 1.5 x 1077 3.2x 1078
Interstellar 1076 1.5x107° 32X 1071

0.003
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TABLE VII. Surface Meteorological Paraineters in the Lanyi Mapping Function.

Default Derived parameter and value Sensitivity (6°)

Paramecter
To 292 }< A= LTy /g, = 8567 km --7 mm/K
W 6.8165 K/kmn a:=1007Tp/WA = 5.0 20 mm/K/km
hy 1.25 km q1=hy/A= 0.1459 - 20 mm/km
ho 12.2 km g,=he/A= 1.424 5 mm/km
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